Investigation of Efficient Organic Solar Cells through Optimized Morphology Control and Understanding of Mechanisms by Kumari, Tanya
 
 
저 시-비 리- 경 지 2.0 한민  
는 아래  조건  르는 경 에 한하여 게 
l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  
다 과 같  조건  라야 합니다: 
l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  
l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  
저 에 른  리는  내 에 하여 향  지 않습니다. 




저 시. 하는 원저 를 시하여야 합니다. 
비 리. 하는  저 물  리 목적  할 수 없습니다. 
경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 




Investigation of Efficient Organic Solar Cells 
through Optimized Morphology Control and 





















Investigation of Efficient Organic Solar Cells 
through Optimized Morphology Control and 

























Graduate School of UNIST 
Investigation of Efficient Organic Solar cells 
through Optimized Morphology Control and 









submitted to the Graduate School of UNIST 
in partial fulfillment of the 
requirements for the degree of 
















Investigation of Efficient Organic Solar cells 
through Optimized Morphology Control and 











                     
                       
                      ___________________________ 
                      Advisor: Changduk Yang 
 
                     
                     ___________________________ 
                     Hyesung Park: Thesis Committee Member #1 
 
                    
                     ___________________________ 
                     Kwanyong Seo: Thesis Committee Member #2 
 
                    
                    ___________________________ 
                        Sung You Hong: Thesis Committee Member #3 
 
 
                    ___________________________ 




In the global search for clean-energy harvesting technology, organic solar cells (OSCs) have 
gain considerable attention for their ability to form highly efficient, large-area flexible solar 
panels by low-cost solution processing techniques. In the solution-processible method, organic 
donor polymers/small molecules are intimately blended with fullerene/non-fullerene acceptors 
to form bulk-heterojunction (BHJ). This device architecture has produced the most efficient 
OSCs with >12% power conversion efficiency (PCE) to date. To further enhance the 
performance of OSCs, apart from the materials design, proper understanding and subsequent 
tuning of four important factors during device fabrication are of great importance. These four 
factors are; morphology control of donor (D) and acceptor (A), broadening of absorption 
window of active layer components, selection of the proper solvent for smooth film formation 
of the active layer, and strengthening of the built-in electric field for faster charge carriers’ 
separation and transport. Thus in this dissertation, a series of studies have been carried out to 
deeply understand the governing mechanism of each of the four phenomena in order to achieve 
highly efficient OSCs. 
In my 1st study, to improve the BHJ nanomorphology of the small molecule donor, 
DTGe(FBTTh2)2:fullerene composite, various macromolecular additives are chosen to 
thoroughly investigate the crystallinity, crystal orientation, and D:A phase separations for 
proper charge separation and transport. Each additive played a unique role in tuning BHJ 
morphology thereby improving the device performance. 
If we wish to obtain higher PCE then we must design the OSCs which can absorb the entire 
visible spectrum. Since most of the organic semiconductors have a narrow bandgap, organic 
solar cells made up of one donor and one acceptor is unable to harness wider window of the 
solar spectrum. Therefore, in the 2nd study, small molecule donor, DR3TSBDT as a third 
component having complementary absorption with the PTB7-Th:PC71BM binary blend is 
introduced to form ternary solar cells with >12% PCE. 
Currently, most of the highly efficient OSCs are fabricated using toxic halogenated solvents 
which is not desirable for large-scale production. With non-halogenated solvents, the solubility 
of donor/acceptor material is relatively poor and so is the film formation. Therefore, it is 
difficult to choose a proper non-halogenated solvent with desirable solubility to fabricate highly 
efficient OSCs. In my 3rd study, Hansen solubility parameter (HSP) and other material-solvent 
interaction parameters such as relative energy difference (RED), Florry-Huggins interaction 
parameter (χ) were employed to investigate the active layer’s material-solvent interaction as 
well as to predict the morphology of the formed film using the given materials and the solvent. 
Interestingly during this study, well defined bimolecular cubic crystals of PTB7-
Th:PC71BM with proper p-n junction were obtained in mesitylene solvent which insisted upon 
the fact that the physical properties of a material applied from two different solvents can exceed 
the variation in the properties of the two different materials applied from the same solvent. 
Light absorption in organic donors generates strongly bound excitons which can separate 
efficiently in presence of sufficient driving force. However due to the higher binding energy of 
organic materials and low driving force at the D:A interface, exciton dissociation and charge 
separation is not very efficient. Therefore, generating strong internal electric field locally by 
means of permanently polarized material can help in solving this issue and high photocurrent 
with low voltage loss can be achieved at the same time. In my last work, ferroelectric polymers 
are incorporated in the already optimized binary host matrix as additives generated a strong 
electric field in the local surrounding which further enhanced the device efficiency. 
Ferroelectric nature of the polymer additives was confirmed using P-E hysteresis curve which 
revealed that these material possess very high remnant polarization value (without ant treatment 
like thermal annealing or poling) being beneficial for faster charge dissociation and transport at 
the respective device electrode. 
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Chapter 1. Objectives and Introduction of the Study 
 
1.1 Objectives and Structure of the Dissertation 
The efficiency limitation of the organic solar cells (OSCs) is a very important issue. With an aim to improve 
the power conversion efficiency (PCE), I present few inspired ideas of optimizing and improving the 
efficiency of thin film OSCs with various experimental results and deep characterization analysis within 
this thesis. This thesis mainly focuses on four research areas for the development of organic solar cells: a) 
morphology control for proper charge dissociation and transport, b) an effective method for harnessing 
entire visible spectrum, c) importance of material-solvent interaction in choosing proper nontoxic solvent 
for efficient device fabrication, and d) generation of extra built-in electric field to separate excitons and 
prevent recombination loss upon incorporating ferroelectric material with permanent polarization. 
 Chapter 1 presents a brief introduction of solar cells followed by basic characteristics of solar cells. 
Then the rapidly emerging and most focused area of solar cells, i.e. organic solar cell and ternary 
organic solar cells are discussed. 
 Chapter 2 discusses the basic properties of material used in the various study during my PhD. course 
followed by the detailed fabrication steps used for fabricating various kinds of binary and ternary 
devices during my PhD. course. At the end all the characterization techniques used to study various 
optical, electrical and morphological properties are briefly discussed. 
 Chapter 3 details my study on the morphology control of bulk heterojunction film for proper charge 
separation and transport. Additives play a major role in controlling the crystallinity of donor (D) 
and acceptor (A) therefore, by introducing macromolecular additives, morphology of 
DTGe(FBTTh2)2:PC71BM is controlled to obtain better performance. 
 Chapter 4 is on an effective design for obtaining a higher PCE upon extending absorption window 
through ternary approach. Because of the intrinsic limited absorption window of organic donor 
materials, the PCE of binary blend OSCs is lower than inorganic solar cells. To overcome this issue, 
Small molecule donor, DR3TSBDT as a third component having the complementary absorption 
and proper band alignment with PTB7-Th:PC71BM  is chosen to fabricate ternary solar cell with > 
12% PCE. EDAX elemental mapping shown that the two donors are well dispersed in the active 
layer and GIWAXs measurement indicated that the ternary blend have mixed edge-on face-on 
orientation of donors’ crystal which are beneficial for 3-D charge transport.  
 Chapter 5 discusses the role of material-solvent interaction in defining the nanostructure of active 
layer components in a ternary system. By means of Hansen solubility parameters (HSP) relative 
energy difference (RED), and Florry-Huggins interaction parameter (χ), interaction between 
various solvents with active layer components is deeply studied. Well defined cubic crystals were 
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obtained in mesitylene solvent which insists on the fact that physical properties of a material 
dissolved in two different solvents can surpass the variation of the two different materials dissolved 
in a same solvent. 
 Chapter 6 includes my work on strengthening the internal built-in electric field for faster charge 
dissociation and lower recombination in OSCs. For this, poly(vinylidene fluoride (PVDF), 
poly(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE), and their grafted co-/ter polymer, 
poly(vinylidene fluoride)–grafted–poly(tert-butyl acrylate) (PVDF–g–PtBA,  G18), and 
poly(vinylidene fluoride-trifluoroethylene)–grafted–poly(tert-butyl acrylate) (P(VDF-TrFE)–g–
PtBA, G44) with high dielectric constant and remnant polarization are selected to use as an 
ferroelectric additive in already optimized PTB7-Th:PC71BM based binary solar cells to surpass its 
highest efficiency. These additives with high dipole moments created permanently polarized 
smaller domains without any poling through strong external bias to generate local internal field in 
the surrounding for better charge separation and transport. 
For achieving these ideas, some of the essential modern techniques and methods were employed during the 
entire duration of my Ph.D. course. All the necessary experimental processes, data analysis, theoretical and 
mathematical calculation, and relevant discussions with essential characterization techniques are all 
included in this dissertation. Moreover, this dissertation is also expected to propose some inspirations for 
overcoming current limitations in increasing PCE of OSCs and give a brief outlook for future work. 
 
1.2 Introduction 
Energy is needed for the existence of humankind. This energy is continuously produced through discovery 
and advancement of technologies that have evolved over time. Nowadays, the modern sources of energy 
implemented in our day to day life are the results of years of deep research, development and finally, 
commercialization of the verified techniques. To solve and minimize today’s energy crisis and associated 
environmental concern, exploiting renewable energy resources such as solar energy have become 
indispensable. Amongst various exhaustible/inexhaustible sources of energy, solar energy has always 
attracted a lot of interests. The energy provided by the Sun in the form of light is something natural as 
clearly shown in photosynthesis. The idea to convert sunlight into a usable form of energy is the base 
concept of the solar cell. The solar cell is an optoelectronic device able to convert light into electric current, 
both the direct Sun light and also artificial or ambient light. However, the term light referred here is the 
electromagnetic spectrum radiated by the Sun onto the Earth’s surface. The Sun emits electromagnetic 
waves all over the range of frequencies while only a fraction of this radiation reaches the surface of the 
Earth. The air mass coefficient (AM) is an index used to determine the effective electromagnetic radiation 
emitted by the Sun at the sea level.1 The AM1.5 spectrum represents the maximum amount of energy 
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available for a solar cell to be converted in electrical current. According to the AM1.5 spectrum, the 
maximum emitted electromagnetic spectrum peak lies in the visible region, therefore an efficient solar cell 
must be able to convert the whole part of the spectrum to maximize the yield of photo generated current. 
Undeniably, OSCs is going to play a very significant roles in our day to day life. Due to the rapid progress 
in its efficiency in the last 3 years, it is very rational to believe that its bloom is forthcoming. Recently, bulk 
heterojunction (BHJ) OSCs has achieved a very high PCE over 12%.2 Comparing to the inorganic ones, 
organic solar cells are environmentally friendly, having the advantages of low-cost production, easy 
processability, and flexibility. In addition to these unexampled properties, OSCs have been widely applied 
in various fields, such as telecommunication, water pumping, commercial building or residential home 
systems, space power supply, photovoltaic (PV) power plants, public system power supply, automobiles, 
military uses and other digital consumption as well.3 
 
1.2.1 Organic Solar Cells 
 
Figure 1.1. Device architecture of conventional organic solar cells (OSCs). 
 
OSCs are made by fabricating thin films made of organic materials dissolvent in non-polar solvents with 
thickness in the nanometer range. It was first introduced at Kodak Research Laboratories by Dr. Ching W. 
Tang in 1986.4 The main motive behind the introduction of organic material was to find a replacement for 
the expensive silicon solar cells and to use low cost solution processible techniques. Interestingly, OSCs 
can be fabricated on light weighted, flexible substrates and so they are ideal candidates for wearable and 
portable systems. As shown in Figure 1.1, OSCs basically comprise the following layers: bottom electrode, 
hole transport layer, photoactive layer (consisting of donor (D) and acceptor (A) components), electron 
transport layer, and the top electrode. In general, a solar cell absorbs light, generate excitons which get 
separated at the D:A interface and the created electrons and holes collected by the respective electrodes 
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delivering electrical power. The basic difference between the working mechanism of organic and inorganic 
solar cells is that in the latter case, immediate generation of free charge carries upon the light absorption 
takes places while in the former case, the light absorption is followed by the creation of excitons with a 
typical binding energy of 0.3-0.5 eV due to coulomb-interaction. This coulombic interaction needs to 
overcome in the presence of the built-in electric field to get separated as free charge carriers.4-5 
 
1.2.2 Ternary Organic Solar Cells  
Several appreciable and potential efforts have been carried out recently in the binary BHJ architecture to 
lower the bandgap of organic photoactive materials for harvesting a larger portion of the solar spectrum, 
but, the light absorption in OSCs remain insufficient due to the intrinsic limited absorption window.6 The 
first advance strategy to solve this issue is the use of tandem solar cell.  This device architecture combines 
two or more individual active layer blends stacked vertically and separated using HTL and ETL as interlayer 
(for forming proper ohmic contact). As compared to the single-junction OSCs, solar cells in tandem 
configuration can overcome Shockley-Queisser limit not only by extending light absorption window but 
also reducing thermalization loss by harvesting high and low energy photons in the separated active layer 
blends with complementary absorption range.7 The Shockley–Queisser limit is designated to the maximum 
achievable theoretical efficiency of a solar cell that can be harnessed from p-n junction to generate power 
from the device. However, due to the several drawbacks such as complexity of device fabrication including 
controlling metal or PEDOT:PSS based robust intermediate layer as well as the optimization of the active 
layers thicknesses, it is so far less popular than single BHJ OSCs. Another significant strategy is to use of 
ternary solar cells by providing complementary absorption spectra in single bulk heterojunction (BHJ) solar 
cells by using multiple-donor/acceptor components with entire coverage of the solar radiation spectrum. 
This not only have the advantage of simplicity in fabrication conditions as used in single BHJ OSCs but 
also in amplified photon harvesting by selecting multiple donors/acceptors organic materials with 
complementary absorption as used in tandem architecture.8 Recently, ternary solar cells involving as either 
two polymer donors/one acceptor, one polymer donor/two acceptors, one small molecule donor/two 
acceptors, one polymer donor/one small molecule donor/one acceptor, or two small molecule donor/one 
acceptor are considered as one of the promising candidate for obtaining higher performance than theoretical 
Shockley-Queisser limit (Figure 1.2). Figure 1.2a shows the number of reported literature each year in last 
ten years. As it can be seen due to several advantages of ternary solar cell, it is continuously being explored 





Figure 1.2. (a) Number of publications and power conversion efficiencies (PCEs) of the ternary reported 
in each year screened using web of science. (b) PCEs of ternary solar cells as a function of donors band 
gaps from the reported literatures. 
 
Since all the device fabrication techniques for increasing the performance of single BHJ solar cells can be 
also effectively used in ternary solar cells, tuning the performance in ternary blend is much easier and 
approachable. The key parameters, short-circuit current (JSC), open-circuit voltage (VOC) and, fill factor 
(FF), can be individually or simultaneously increased to their maximum values by designing and selecting 
materials with complementary absorption for controlling the morphology by means of additives and  
through optimizing the donor or acceptor blending ratios or the overall concentration. The ternary solar 
cells contain three components in the active layer: the dominating D:A host system and the third component, 
which can be a polymer, a dye (sensitizer), a small molecule, or a nanoparticle. Therefore, on the basis of 
function of the third component, ternary solar cells can be broadly categorized into three types: two 
donors/one acceptor (D1/D2/A), donor/nonvolatile additive/acceptor (D/NA/A), and one donor/two 
acceptors (D/A2/A1). 
Apart from ability to enhanced light absorption, devices based on additional component in the binary blend 
also exhibit several advantages. These advantages can be broadly categorized into either tuning blend 
morphology (such as phase separation, polymer crystallization, domain purity, alloy formation, etc.) or 
facilitating charge transport mechanism through the additional component.6b, 9 Selection of the appropriate 
material by selecting proper band gaps as well as the molecular compatibility  of active material components 
are the key factors in order to simultaneously or individually optimizing various photovoltaic parameters, 






1.3 The Physics of Organic Solar Cells 
 
1.3.1 Binary Organic Solar Cells 
 
Figure 1.3. Working mechanism of organic solar cells. 
 
The working principle of BHJ OSCs are illustrated with the help of diagram (Figure 1.3).  At first, photons 
are absorbed to generate excitons in D and A, respectively (1 & 1′) then the generated excitons diffuses for 
dissociation at the D/A interface (2 & 2′).  The charge-transfer (CT) states are generated and gets dissociated 
into free charge carriers (electrons and holes) through charge transfer process (3 & 3′) and finally charge 
carriers are transported through D or A (4 & 4′) and then collected by the respective electrodes (5 & 5′). 
Simultaneously in between these charge transfer and transport processes, various recombination processes 
takes place which prevent the device to achieve its maximum PCE. Like the generated excitons get 
recombined intra-molecularly (6 & 6′) or the separated charge carriers at the interface may recombine with 
each other (7, geminate recombination) before dissociation. Secondly, prior to collection by the respective 
electrodes (5 & 5′), the separated charge carriers from D and A domains may collide with each other and 
get recombined (8) which is known as bimolecular recombination or non-geminate recombination. 
 
1.3.2 Ternary Organic Solar Cells 
The morphology and charge transport mechanism in ternary blends are highly dependent on the location of 
the third component and therefore has been classified into four models (Figure 1.4): (1) the third component 
with suitable energy level alignment embedded/located in the dominating donor/acceptor phase to facilitate 
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cascade like charge transfer; (2) the third component is present at the donor/acceptor interface favoring 
energy transfer; (3) the third component forms an individual separate charge transport channel with the 
dominating donor/acceptor to form parallel linkage. (4) The third component and dominating 
donor/acceptor are electronically coupled into a new charge transfer state to form alloy. In the real ternary 
blending, sometimes the one model is insufficient to explain the charge transport dynamics as well as 
morphology of the blended material.8a, 8b, 10 
 
 
Figure 1.4. Schematic of the working mechanisms and material’s localization in ternary solar cells. The 
arrows indicate the possible charge carrier transfer and transport pathway. (a),(e) The charge transfer 
mechanism. (b),(f) The energy transfer mechanism. (c) The parallel like mechanism. (d) The alloy model.  
 
Cascade Charge Transfer 
For cascade charge transfer mechanism, the location of the third component in the ternary active layer is 
very important as the additional component functions as a cascade for the charge transport. Mostly for the 
charge transfer, the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular 
orbital (HOMO) energy levels of the third component molecule are located between those of the dominating 
D and A to form the cascade like energy level alignment. To investigate charge transfer mechanism, 
photoluminescence (PL) measurement is a convenient tool.  For example, if charge transfer occurs between 
two donors then with different doping ratios, the PL intensity of one would be quenched without increase 
in PL intensity for the other. 
Energy Transfer 
Another important working mechanism with multiple donor/acceptor components based ternary OSCs is 
energy transfer. Förster resonance energy transfer (FRET) is the main working phenomena in the energy 
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transfer model which enhances the light harvesting and separation. An essential criteria for occurrence of 
FRET in the ternary blend is the overlapping between the emission spectra of one component and the 
absorption spectra of the other component. For example, in the multiple-donor system, the exciton energy 
can be transferred from a large bandgap donor material to a low bandgap donor material. To characterize 
this model, steady state and transient PL measurements are very useful techniques for determining the 
occurrence of an energy-transfer process in the given ternary system. In general, if energy transfer occurs 
between two donors with different bandgap and similar quantum yields, the emission (PL) intensity is 
increased for the relatively low bandgap donor while for the other donor, emission (PL) intensity is 
decreased.  
Parallel Linkage 
For the parallel-linkage mechanism in two donors and one acceptor (D1/D2/A) ternary OSCs, the excitons 
that are generated in individual domains of two donors would separately diffuse to their respective D/A 
interface and then get dissociated into electrons and holes as free charge carriers. Thus, the second donor 
material forms its own independent charge-transport network with the acceptor in addition to the 
dominating D:A system. In general, for the ternary OSCs with parallel linkage model, the JSC value is almost 
equal to the sum of the two single D1:A and D2:A cells. The VOC values are in between the observed value 
for the individual D1:A and D2:A cells, which are much distinct from the charge transfer or energy transfer 
model in the ternary OSCs. 
Alloy Model 
The alloy model in ternary solar cell is most popular model to date. In this two electronically similar 
materials of the ternary blend (i.e. either two acceptors or two donors) form an electronic alloy. And based 
on the average composition of the two donors/acceptors material, same frontier orbital (HOMO and LUMO) 
energies are thus formed. Therefore the additional component and the dominating donor/acceptor gets 
electronically coupled into a new charge transfer state. Hence, for achieving high PCE in ternary OSCs 
with alloy model, good miscibility and structural/morphological compatibility of the donors/acceptors is 
required. 
 
1.4 Importance of Morphology in Solar Cell Performance 
In OSCs, photon generated excitons which are coulombically bound electron-hole pairs does not readily 
generate into free charge carriers free electron hole pairs. Instead, they diffuses towards the D-A interface 
for dissociation. However, the diffusion length of generated excitons are in the range of 10-20 nm prior to 
recombination. Hence, it less is essential to have phase separation for donor and acceptor entities in the 
range of 10-20 nm for successful exciton dissociation.11 OSCs consist of blends of donor and acceptor 
casted from organic solvents into thin films gets spontaneously phase separate into small domains. The 
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evolved nanomorphology of the active layer has a very dramatic influence on the OSCs’ device 
performance.2c, 12 In solution processing, the drying of the solvent significantly impacts the final 
organization of the blend components in the photoactive layer. Moreover, casting from a single solvent 
often produces a non-ideal morphology with either excessive or insufficient phase separation between the 
blend components as well as lack of crystallinity, thereby reducing the device efficiency. 
Since a very long time, several additives such as diiodooctane (DIO), chloronaphthalene (CN), diphenyl 
ether (DPE) etc.13 have been employed to control the nanomorphology and improve the crystallinity. Since 
all the device parameters such as JSC, VOC, and FF in the solar cells are sensitive to the morphology of active 
layer components. Fine control over morphological features enabled by such solvent additives is a very 
crucial step for optimizing the device performance. Therefore, investigation of additives to control the 
morphology of blends contain several amorphous and pure crystalline phases is very crucial for the 
optimization of photovoltaic devices.  
 
 
Figure 1.5. Hysteresis loop. (a) Characteristics of hysteresis loop. (b), (c), and (d) Types of P-E loops 
observed in different materials. 
 
1.5 Ferroelectricity and its Application in Organic Solar Cells 
Ferroelectricity is a material characteristics of possessing electric polarization upon application of an 
external electric field. In ferroelectrics materials, the reversal of the spontaneous polarization by applying 
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a strong electric field in the opposite direction.14 Therefore, the polarization is not only dependent on the 
currently applied electric field but also on its history, producing a hysteresis loop as shown in Figure 1.5a. 
Positive saturation means material got polarized by alignment of domains in one direction which is reversed 
upon reversal of electric field direction leading to negative saturation. When driving electric field drops to 
zero, the ferroelectric material retains a considerable degree of polarization called remnant polarization. 
This is useful for generating internal electric field in organic photovoltaic devices to separate electrons and 
holes locally thus, preventing recombination. Coercive field is the minimum amount of electric field which 
must be applied to a ferroelectric material to make the polarization return to zero. 
The shape of the hysteresis loop of ferroelectric material shows the ability of material to display 
ferroelectricity.14a, 15 For example, the round shape of P-E loop (see Figure 1.5b) means the material has 
high electrical conductivity. Figure 1.5c shows the hysteresis loop for a truly ferroelectric material while 
the banana loop in Figure 1.5d is due to larger leakage currents or a lossy dielectric.15c In a ferroelectric 
material, the internal electric dipoles are coupled to the lattice structure of the material, thus changes in the 
lattice structure will change the dipoles’ strength. The larger is the strength of dipoles, larger is the ability 
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Chapter 2. Materials, Fabrication, and Characterization Methods 
 
This chapter first introduces the materials used in the fabrication of organic solar cells (OSCs) along with 
their brief introduction which makes them suitable for their corresponding applications. Subsequently the 
fabrication procedure of organic photovoltaic devices that were used in my research with the required 
essential preparation steps are discussed in great detail. At the end the typical characterization methods used 
in characterization of devices as well as the analysis of thin films for optical and morphological properties 
are also discussed. 
 
2.1 Materials 
In this section, all the photo-active materials (donors-acceptors), polymer additives, hole transporting 
materials, substrates used for fabricating organic solar cells in various studies during my entire Ph.D. course 
are described briefly. 
 
2.1.1 Substrate 
Indium doped Tin oxide (ITO) coated glass substrate is commonly used for the fabrication of solar cells. 
ITO was purchased from Delta technologies limited. The size of the substrate is 15×15×1.1mm with 5mm 
non ITO part (Figure 2.1). The sheet resistance of ITO coated part is 10-12 ohms.  
 
 
Figure 2.1. ITO coated glass substrate. 
 
2.1.2 PEDOT:PSS 
Poly-3,4-ethylenedioxythiophene (PEDOT) is transparent and an intrinsically conducting polymer. PEDOT 
[poly (3,4-ethylenedioxythiophene)] is a conjugated polymeric cation. PSS [poly(styrenesulfonate)] is 
based on sulfonated  polystyrene. Part of sulfonyl groups are deprotonated and acts as an anion.1 The work 
function of the PEDOT PSS is 5.1ev, so it can form good ohmic contact with the polymers and thus act as 
good hole transporting layer in optoelectronic devices. A common type PEDOT:PSS called CLEVIOS P 




2.1.3 Macromolecular Additives 
a. Insulating Macromolecular Additives 
Various solvent additives, such as 1,8-diiodooctane (DIO), 1,8-octanedithiol (OT), nitrobenzene (NB), 3-
methylthiophene, 3-hexylthiophene (3HT), oleic acid (OA), N-methyl pyrrolidone (NMP), and 1-
chloronaphthalene (CN), have been widely used in increasing the PCE of OSCs.2 The crucial factors for 
choosing a desirable additive are selective solubility towards one blend component and a low volatility. 
Recently instead of liquid additives, typical insulating polymers as macromolecular additives have begun 
to improve the performance of BHJ OSCs without fulfilling the above requirements.  Insulating polymer 
additives (see Figure 2.2, top) used in the study are described below: 
 
 
Figure 2.2. Chemical structure of polymer additives used in various studies. 
 
Polystyrene 
Polystyrene, (PS) is a hydrophobic polymer synthesized from the monomer styrene. It is soluble in common 
organic solvent like acetone, chloroform, and chlorobenzene. PS (M.W. 2,000,000) purchased from Alfa-
Aesar was used as additive. 
 
Poly(methyl methacrylate) (PMMA) 
PMMA also known as acrylic or acrylic glass is transparent type of polymer material obtained via 
polymerization of monomer called methyl methacrylate.  PMMA (Avg. MW ~ 996,000) was purchased 
from Sigma-Aldrich for the study. 
 
Polydimethylsiloxane (PDMS)  
PDMS is an optically clear, non-flammable polymeric organosilicon compound. Polydimethylsiloxane, 
trimethylsiloxy terminated (M.W. 117,000) was obtained from Alfa-Aesar for use as an additive. 
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b. Ferroelectric Insulating Macromolecular Additives 
Ferroelectric insulating materials have the capability of spontaneous electric polarization that can be 
reversed by the applying electric field externally in the opposite direction. Various organic materials such 
as polyvinylidene difluoride (PVDF), PVDF-tetrafluoroethylene (P(VDF-TrFE)) and their grafted 
polymers belong to the class of ferroelectric polymers which have relatively high dielectric constant and 
possesses net polarization w/o poling (applying strong electric field to induce a net dipole moment).3 PVDF- 
based ferroelectric polymers as additives (see Figure 2.2, bottom) used in my study are described below: 
 
Polyvinylidene difluoride (PVDF) 
PVDF is a non-reactive fluoropolymer synthesized using the polymerization of vinylidene difluoride. 
PVDF is a ferroelectric polymer and exhibits efficient electric polarization properties after poling. PVDF 




P(VDF-TrFE) is a copolymer of PVF with tetrafluoroethylene. P(VDF-TrFE) has shown better 
ferroelectric/piezoelectric response by improving the crystallinity of the material. P(VDF-TrFE) with 
VDF(n):TrFE(m) = 75:25, were purchased from Kureha having PDI = 3.06, Mn = 85.0 kDa. 
 
To further improve the ferroelectric response of the PVDF and P(VDF-TrFE), grafting with tert-butyl 
acrylate (t-BA) using Atom Transfer Radical Polymerization (ATRP) method. 
 
PVDF-g-PtBA (G18) 
G18 was obtained with molecular weight, Mn = 102 kDa, and PDI = 2.55. F-H decoupled 1H NMR (400MHz, 
(CD3)2CO), δ (ppm): 2.9 to 3.2 (br, –CF2CH2CF2CH2–), 2.3 to 2.5 (br, −CF2CH2CH2CF2–), 1.5 ~ 2.0 (-
C(COO)H2-CH2-), 0.8 ~ 1.4 (-C(COO)H2-CH2-) and 1.4 to 1.65 (br, 9H, −C(CH3)3).  
 
P(VDF-TrFE)-g-PtBA (G44) 
G44 was obtained with molecular weight, Mn = 174 kDa, and PDI = 2.53. F-H decoupled 1H NMR (400MHz, 
(CD3)2CO), δ (ppm): 5.3 ~ 5.7 (br, -CFHCF2-), 2.7 ~ 3.2 (br, -CF2CH2CF2CH2-), 2.2 ~ 2.7 (br, -






2.1.4 Photo-active Material 
The delocalization of electrons along the backbone of the π-conjugated polymer or small molecule exhibits 
the semiconducting properties making them a promising candidate for low-cost solution-processed 
photovoltaic technology. Chemical structures of photo-active materials (donors and acceptors) used in 
various studies during my Ph.D. course are provided in Figure 2.3. 
 
 
Figure 2.3. Chemical structures of photo-active materials. 
 
a. Small Molecule Donors  
Conjugated Small molecules donors (SMDs) can exhibit good miscibility with broad absorption spectra. 
Moreover, SMDs can enhance the light absorption ability in ternary OSCs by providing complementary 
absorption to harvest broad spectrum window in visible region. Therefore, together with the advantages of 
well-defined structure and high purity with no batch-to-batch variation, SMDs have attracted more and 
more attention for use in SMDs based OSCs. In my study various small molecule donors (SMDs) containing 
benzo[1,2-b:4,5-b’]dithiophene (BDT) unit, and dithieno[3,2‐b:2′,3′‐d]germole (DTGe) unit  have been 
used to fabricate small molecule based binary solar cell or ternary solar cells with SMDs as the third 
component. Although various small molecule donors, such as DTGe(FBTTh2)2,  DTSi(FBTTh2)2, 
DTGe(FBTTh2Cy)2, DTSi(FBTTh2Cy)2,, DR3TSBDT with different alkyl chain (-methyl, -ethyl, -butyl, -
hexyl, -octyl) have been investigated during my study,4 in this thesis, I will particularly focus on 
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DTGe(FBTTh2)2, and DR3TSBDT with different alkyl chain (as shown in Figure 2.3) based OSC devices.4b, 
4c, 5 All the BDT based SMDs have been synthesized in our lab according to reported literatures and 
characterizations are as follows: 
 SMD-Me: Isolated yield = 66%. 1H NMR (CDCl3, 400 MHz, 298 K)  ppm 7.73 (s, 2H), 7.60 (s, 
2H), 7.19 (br, 4H), 7.10 (br, 4H), 3.50 (m, 6H), 2.99 (br, 4H), 2.93-2.76 (br, 8H), 1.73-1.67 (m, 
8H), 1.54-1.20 (m, 58H), 0.92-0.83 (m, 24H). 13C NMR (CDCl3, 100 MHz, 298 K)  ppm 192.21, 
167.48, 144.56, 141.53, 141.10, 141.09, 140.99, 140.95, 140.89, 139.47, 137.50, 137.26, 135.49, 
135.14, 134.79, 130.82, 128.50, 127.13, 126.09, 124.75, 122.51, 120.46, 119.32, 39.97, 32.24, 
31.96, 31.92, 31.36, 30.41, 30.24, 29.78, 29.68, 29.51, 29.38, 29.34, 28.87, 25.59, 23.05, 22.72, 
14.20, 14.15, 10.89. MALDI-TOF MS (m/z) 1734.870 (M+). Anal.calc. for C92H120N2O2S14: C, 
63.69; H, 6.97; N, 1.61; S, 25.88; Found: C, 63.54; H, 7.01; N, 1.61; S, 25.69. 
 SMD-Bu: Isolated yield = 71%. 1H NMR (CDCl3, 400 MHz, 298 K) δ ppm 7.73 (s, 2H), 7.60 (s, 
2H), 7.19 (br, 4H), 7.10 (br, 4H), 4.12-4.07 (m, 4H), 2.99 (br, 4H), 2.93-2.76 (br, 8H), 1.73-1.67 
(m, 8H), 1.54-1.20 (m, 66H), 0.92-0.83 (m, 30H). 13C NMR (CDCl3, 100 MHz, 298 K)  ppm 
192.21, 167.48, 144.56, 141.53, 141.10, 141.09, 140.99, 140.95, 140.89, 139.47, 137.50, 137.26, 
135.49, 135.14, 134.79, 130.82, 128.50, 127.13, 126.09, 124.75, 122.51, 120.46, 119.32, 44.62, 
40.34, 39.97, 32.24, 31.96, 31.92, 30.43, 30.25, 29.77, 29.66, 29.56, 29.50, 29.37, 29.34, 29.08, 
28.87, 25.59, 23.05, 22.74, 22.71, 20.11, 14.20, 14.16, 13.72, 10.90. MALDI-TOF MS (m/z) 
1817.743 (M+). Anal.calc. for C98H132N2O2S14: C, 64.71; H, 7.31; N, 1.54; S, 24.68; Found: C, 
64.66; H, 7.32; N, 1.51; S, 24.71. 
 SMD-Hx: Isolated yield = 85%. 1H NMR (CDCl3, 400 MHz, 298 K) δ ppm 7.75 (s, 2H), 7.68 (s, 
2H), 7.22 (br, 4H), 7.18 (br, 4H), 4.11-4.07 (m, 4H), 2.99 (br, 4H), 2.93-2.76 (br, 8H), 1.73-1.67 
(m, 8H), 1.54-1.20 (m, 74H), 0.92-0.83 (m, 30H). 13C NMR (CDCl3, 100 MHz, 298 K)  ppm 
192.21, 167.48, 144.56, 141.53, 141.10, 141.09, 140.99, 140.95, 140.89, 139.47, 137.50, 137.26, 
135.49, 135.14, 134.79, 130.82, 128.50, 127.13, 126.09, 124.75, 122.51, 120.46, 119.32, 44.87, 
40.34, 39.98, 32.24, 31.94, 31.90, 31.36, 30.46, 29.72, 29.53, 29.47, 29.34, 29.31, 28.87, 26.96, 
26.48, 25.58, 23.04, 22.71, 22.53, 14.19, 14.14, 14.03, 10.89. MALDI-TOF MS (m/z) 1875.072 
(M+). Anal.calc. for C102H140N2O2S14: C, 65.33; H, 7.53; N, 1.49; S, 23.94; Found: C, 65.32; H, 
7.44; N, 1.48; S, 23.75. 
 SMD-Oc: Isolated yield = 80%. Isolated yield = 80%. 1H NMR (CDCl3, 400 MHz, 298 K) δ ppm 
7.70 (s, 2H), 7.61 (s, 2H), 7.19 (br, 4H), 7.11 (br, 4H), 4.10-4.06 (m, 4H), 2.99 (br, 4H), 2.93-2.76 
(br, 8H), 1.73-1.67 (m, 8H), 1.54-1.20 (m, 82H), 0.92-0.83 (m, 30H). 13C NMR (CDCl3, 100 MHz, 
298 K)  ppm 192.17, 167.43, 144.54, 141.53, 141.10, 141.09, 140.99, 140.95, 140.89, 139.47, 
137.50, 137.26, 135.49, 135.14, 134.79, 130.82, 128.50, 127.13, 126.09, 124.75, 122.51, 120.46, 
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119.32, 44.85, 40.33, 39.97, 32.24, 31.97, 31.93, 31.81, 30.42, 30.24, 29.90, 29.79, 29.68, 29.64, 
29.57, 29.51, 29.38, 29.35, 29.18, 29.16, 28.87, 26.99, 26.83, 25.59, 23.06, 22.74, 22.72, 22.66, 
14.21, 14.16, 14.12, 10.90. MALDI-TOF MS (m/z) 1931.145 (M+). Anal.calc. for C106H148N2O2S14: 
C, 65.92; H, 7.72; N, 1.45; S, 23.24; Found: C, 65.85; H, 7.66; N, 1.50; S, 23.27. 
 
b. Polymer Donors  
In organic solar cells, donor material is the main component actively responsible for absorption of photons 
to generate charge carriers. Currently, polymer donors are extensively used in solar cell to reach maximum 
efficiency. Therefore, the development and deep investigation of polymer donor materials is one of the 
crucial factor to elevate PCEs of fullerene or non-fullerene OSCs. In my PhD. course I have studied several 
polymer such as P3HT, PBDB-T, PTB7, PTB7-Th, DPPTT-OD, and random 2D-2A quarterpolymers based 
on DPP2T-TT and BDT-QTT.4b, 5-6 Among them, most actively investigated polymer is PTB7-Th (Figure 
X), which I have used in host matrix for study of several kinds of ternary solar cells. PTB7-Th, poly[4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] is a low bandgap polymer (Eg = 1.58 eV) known 
to exhibit very reproducible efficiency of 10%. P3HT, DPPTT-OD, random 2D-2A quarterpolymers based 




Similar to polymer donors, acceptors also play a major role in in elevating solar cell performance. PC61BM 
and PC71BM as shown in Figure X are fullerene electron acceptors commonly used in the most efficient 
OSC devices. These two materials have been purchased from Ossila. Apart from these, non-fullerene 
polymer acceptor, poly((N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-
5,5’-(2,2’-bithiophene)) also known as N2200 synthesized in our lab have also been investigated in my 
study.4a However, I will discuss fullerene derivatives, for fabricating various kind of OSC devices such as 
binary small molecule based solar cells, ternary solar cells, non-halogenated solvent processed solar cells, 
ferroelectric additive based solar cell etc. 
 
2.2 Device Fabrication 
2.2.1 Cleaning of Substrate 
Cleaning of substrates was done normal ambience and is same for all the study based on fabrication of OSC 
devices. ITO coated glass substrates were cleaned using ultra-sonic bath in four sequential steps. First, the 
substrates were cleaned using liquid detergent for 15 minutes, followed by thoroughly washing with de-
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ionized water and sonicating in it for 15minutes. Next, it was sonicated in acetone and finally in iso-propyl 
alcohol for 15 minutes each. The substrates were then dried overnight in oven at 70°C. Before, deposition 
of PEDOT:PSS, cleaned ITO substrate were either given UV-ozone treatment for 20 minutes or plasma 
cleaning for 5 minute. This makes the ITO surface hydrophilic for uniform deposition of PEDOT:PSS. 
 
2.2.2 Spin Coating  
Spin coating is the most crucial process for the preparation of OSCs. This is the main technique employed 
for the deposition of hole transporting layer (HTL), active layer and electron transporting layer (ETL). In 
my study, for device fabrication, I used spin coating method two times using static and dynamic dispensing 
method as shown in Figure 2.4. In former case, the deposition of solution on the substrate was the first step. 
Importantly, at this step the chuck of spin coater stays at stand still position and the solution is dispensed to 
spread all over the surface. Thereafter, at desired speed, material is spin coated. In later case, that is dynamic 
dispensing, the substrate is already rotating at desired speed and the solution is dispensed on the rotating 




Figure 2.4. Illustration of static and dynamic spin coating method. 
 
 PEDOT:PSS deposition as HTL using static dispensing 
Throughout my study, I used convention device architecture as mention in chapter 1. Thus, after 
UV-ozone/ a thin PEDOT:PSS (Baytron P VP AI 4083, H. C. Starck) , filtered using a 0.45 µm PVDF 
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syringe filter was deposited over ITO surface at 4000 rpm. After sequentially annealed at 140 ˚C for 
20 minutes, the substrates were transferred to the nitrogen filled glove box. 
 Active layer deposition using dynamic dispensing 
In active layer deposition case, 20-25 µl of active layer solution was dynamically dispensed on the 
rotating substrate for 30-40 seconds to get the desired thickness. In each study, the concentration 
of active layer solution and the speed of rotation is varied to get the optimum device condition.  
 
2.2.3 Preparation of Active Layer Solution  
Preparation of active layer solution for each study are different therefore, for each chapter, 2, 3, 4, and 5 
experimental section regarding solution preparation will be discussed here. 
(a) Solution preparation for study of morphology control in chapter 3 
For preparation of active layer solution, 12 mg of DTGe(FBTTh2)2 and 8 mg of PCBM 
(PC61BM/PC71BM) in 6:4 ratio was mixed in 570 µl of chlorobenzene. The solution was heated at 
70 ˚C for 3 hours under minimal stirring. In each polymer additive case (0.5, 1, 2, and 3) w/w % of 
the total active layer concentration while in DIO case (0.2, 0.4, and 1) v/v % of the solvent volume 
was used in the preparation of additive based active layer solution. 20 µl of the active layer solution 
with or without additive was added on already spinning PEDOT:PSS coated ITOs at 1000 rpm for 
30 seconds. The films were dried for 10 minutes in petri dish and then dried over hot plate at 60 ˚C 
for 10 minutes to remove extra solvents prior to Al deposition.4c 
(b) Solution preparation for study of ternary solar cell in chapter 4 
For the preparation of the active layer solution, 14 mg of donor (PTB7-Th or DR3TSBDT) 
and 21 mg of PC71BM (1:1.5 ratio) were dissolved in 1 ml of chlorobenzene. The solutions 
were heated overnight at 60 °C under minimal stirring. Later, 3.0 vol.% of DIO was added 
to the solutions and stirred well for homogeneity. For ternary blending, the two solutions 
were mixed according to the different weight ratios of the two donors and heated at 60 °C 
for 1 h under minimal stirring in the glove box. The active layer was then spin coated to 
yield a ~140–150 nm thick film as shown in Figure 2.5. Films were dried in vacuum for 30 
min prior to top electrode deposition.5 
For extensive study of ternary solar cells using SMDs molecule with different terminal alkyl 
chain, the fabrication of SMDs:PC71BM based binary OSCs, the active layer was prepared by the 
donor and acceptor ratio of 1:1.5 wt./wt. with donor concentration of 14 mg ml-1 in CB solution 
and the ratio of 1:0.8 wt./wt. with total blend concentration of 18 mg ml−1 in chloroform (CF). Note 
that in the CF-processed cases, the films were thermal annealed at 100 °C for 10 min, followed by 
solvent vapor annealing (SVA) in CF for 1 min. Thereafter, perylene diimides functionalized with 
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amino N-oxide (PDINO) as an electron transporting layer (ETL in methanol, 0.75 mg ml−1) was 
applied on the top of active layers at 3000 RPM for 40 s prior to deposition of Al as cathode.4b 
 
Figure 2.5. Thickness of optimized films in the range of 140-150 nm. a) PTB7-Th:PC71BM binary film. b) 
Ternary film. 
 
(c) Solution preparation for study of material-solvent interaction in chapter 5 
For preparation of active layer solution, 10.5 mg mL-1 of PTB7-Th and 21 mg mL-1 of PC71BM was 
dissolved in 1 mL of the each solvent (toluene, o-xylene, mesitylene). The solutions were heated at 
60 °C for overnight under minimal stirring. Later, various vol.% of NMP was added to the solutions 
(according to the type of solvent used; see Table 1 and S3) and stirred well for uniformity. For 
ternary blending, DR3TSBDT was mixed in the solutions according to the 75:25 weight ratio of 
the two donors (PTB7-Th:DR3TSBDT such that the overall donor concentration is 14 mg mL-1) 
and heated at 60 °C for 3h under minimal stirring in the glove box. The active layer was then spin 
coated to give ~170180 nm, ~140150 nm, and ~3040 nm thick film in case of toluene, o-xylene, 
and mesitylene respectively. It should be noted that that in case of mesitylene, the given film 
thickness does not include the thickness of cubic-like crystals present throughout the film. Films 
were dried in vacuum for 50-60 prior to cathode deposition.6b 
(d) Solution preparation for study of ferroelectric property and electric field generation  in chapter 6 
For the preparation of the active layer solution in a nitrogen filled glovebox, PTB7-Th:PC71BM (1:1.5 
w/w) was dissolved in o-xylene with a total active layer concentration of 35 mg ml-1 and stirred at 60 °C 
for overnight. All the four additives in a concentrated concentration was dissolved in NMP and stirred at 
60 °C for overnight. Different additives was added next day to the active layer solution at different wt% 
concentration with respect to the total active layer concentration in order to optimize the device 
performance. Similarly NMP in different v% is used for device optimization and finally all the additives 










spin coating. The active layer w/o each additive was then spin-coated to yield varied thickness of ≈167–
216 nm to individually optimize the performance in each case. Films were dried in vacuum for 30 min 
prior to deposition of Al as cathode. 
 
2.2.4 Evaporation of Cathode           
In evaporation process the substrates were loaded on a shadow mask and placed inside a vacuum chamber, 
in which the source material to be deposited is placed. Then a high vacuum by creating a pressure <3 × 10−6 
Torr is applied to make the chamber suitable for evaporation. After applying suitable current and voltage, 
source material is heated to a point where it starts evaporating and the molecules were freely evaporated in 
the vacuum and condensed on the substrate. In my study, Al was used as cathode to fabricate all kinds of 
OSCs devices. 80-100 nm thick Al cathode was thermally evaporated on top of the organic layer (see Figure 2.6) 
using a shadow mask (device area: 0.13 cm2) under a pressure of <3 × 10−6 (or < 9×10-7) Torr. 
 
 
Figure 2.6. Image of fully fabricated organic solar cells used in various studies with device area: 0.13 cm2. 
 
2.3 Characterization Methods 
Characterization using suitable technique is very important for thorough investigation of any kind of 
research work. In this section, the methods and the investigation techniques used in the development of the 
experiments of all kinds of study during Ph.D. course is described. In particular, in the first part the electrical 
characterization of solar cells that are produced during the research work is discussed. The second part 
regards the preparation of the thin film and other samples along with the appropriate morphological 
characterization techniques.  
 
2.3.1 Characterization of Devices  
Current density-voltage (J-V) measurements for the photovoltaic devices were obtained using a Keithley 
2365A source measure unit. Measurements were done under simulated sunlight (AM 1.5G) with an 
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intensity of 100 mW cm-2 in a nitrogen filled glove box. Prior to device measurement, the irradiance was 
calibrated using a standard silicon photodiode. External quantum efficiency (EQE) measurements were 
done using QEX7 quantum efficiency measurement system (PV Measurements, Inc.) in an ambient 
atmosphere. For mobility measurements, the hole- and electron-only devices were fabricated using a device 
architecture of ITO/PEDOT:PSS/active layer/Au and ITO/Al/active layer/Al, respectively. The hole (µh) 
and electron (µe) mobilities were measured using the SCLC method, which is described by the Mott–
Gurney square law as:7 
JSCLC = (9/8)ε0εrµ((V2)/(L3)) 
where JSCLC is the current density, ε0 is the dielectric constant of free space, εr is the relative permittivity of 
the transport medium (assumed to be 3), µ is the hole (µh) or electron (µe) mobility, V is the applied voltage 
across the device, and L is the thickness of the active layer. 
Impedance Spectroscopy measurement were carried out using a potentiostat (Versa STAT 3, AMETEK) in 
the frequency range of 0.1 Hz to 1 MHz at room temperature in air. Illumination measurement were 
performed at the irradiation intensity of one sun (AM 1.5G, 100 mW cm-2), under open-circuit conditions. 
For the dark condition, measurement was carried out without open circuit voltage condition.8  
The polarization–electric field (P–E) hysteresis measurement were carried out using a ferroelectric test system 
(TF2000E analyzer, Aixacct, Germany) by applying the triangular waveform of the voltage with 1Hz. The 
dielectric constants of the pure additive films were measured at room temperature by an impedance analyzer 
(Agilent) over the frequency range of 103 to 106 Hz. 
 
2.3.2 Characterization of Thin Films  
All the characterizations otherwise mentioned were performed in ambient atmospheric condition and the 
optimized device fabrication processing condition were used to prepare thin films. Glass substrate was used to 
fabricate samples for the absorption, optical microscopy, and thickness measurement while for all other 
characterizations, samples were fabricated on a silicon substrate. 
UV-Vis spectra were obtained using a UV-1800 (SHIMADZU) spectrophotometer and the absorption 
coefficient was obtained using the following equation:5 
α = 2.303*(A/l) 
where, α is the absorption coefficient of the material, A is the absorbance, and l is the thickness of the thin 
film (in cm). PL spectra were obtained using a Varian Cary Eclipse fluorescence spectrometer. The DSC 
data were obtained from DSC Q200 TA Instrument, U.S.A. The heating rate was 5 °C min-1. Static contact 
angles of water and glycerol were measured using Phoenix 300 (SEO) for the surface energy measurement 
using Young’s equation. For EDAX, a Hitachi SU 8220 Cold FE-SEM was used. To achieve sufficient X-
ray excitation, the FE-SEM was operated at an acceleration voltage of 10 kV. Note that only a relative 
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concentration distribution of elements can be obtained from the resulting elemental mapping over the 
mapped area. Optical microscopy images were acquired using an inverted metallurgical microscope 
(Alpha300S, WlTec). Optical florescence microscopy images were taken with Olympus motorized inverted 
microscope IX81, and imaging was done using blue, green, and red light. AFM investigations were performed 
using a multimode V microscope (Veeco, USA) in the tapping mode with a nanoscope controller using Si 
tips (Bruker) at a resonance frequency of 300 kHz. HR-TEM analysis was performed using a JEOL USA 
JEM-2100F (Cs corrector) transmission electron microscope equipped with an EDAX at an acceleration 
voltage of 200 kV. The specimen for HR-TEM measurement was prepared by spin coating the blend 
solution on a PEDOT:PSS-coated silicon substrate and floating the film on de-ionized water surface. The 
film was then transferred to lacey carbon grids (HC200-Cu). GIWAXS characterization was carried out at 
the PLS-II 9A U-SAXS beam line of the Pohang Accelerator Laboratory in Korea. The scattering signal 
was recorded using a 2-D CCD detector (Rayonix SX165). The X-ray light had an energy of 11.24 keV (λ 
= 1.103 Å). The incidence angle of X-rays was adjusted to 0.13–0.145˚ to maximize the signal to 
background ratio. The detector was located at a distance of approximately 232 mm from the sample centre. 
The raw data were processed and analysed using Igor-Pro software package. The thickness of the binary, 
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Chapter 3. Morphology Control using Macromolecular Additives 
 
Controlling the morphology of the donor:acceptor (D:A) blends to find an optimal materials 
combination with proper interface has proven to improve the efficiency of OSCs.  Additives have been 
known to fine tune the morphology of active layer material. In order to address the question of how 
macromolecular additive processing in recent years, sparsely used, affects structural organization and 
photovoltaic performance, various macromolecular additives (PS, PDMS, and PMMA) vis-à-vis small DIO 
additive are applied to a model bulk-heterojunction (BHJ) system based on DTGe(FBTTh2)2. These 
additives have been shown to exhibit a strong influence on film morphology as a function of additives type, 
with significant changes in packing orientation, film roughness, and feature size observed, leading to 
improved power-conversion efficiency (PCE).  
Chapter 3 is reproduced in part with permission of “Improved Efficiency of DTGe(FBTTh2)2-Based Solar 
Cells by Using Macromolecular Additives: How Macromolecular Additives Versus Small Additives 
Influence Nanoscale Morphology and Photovoltaic Performance” from Kumari T. et al. Nano Energy, 
2016, 24, 56–62. 
Copyright 2016 Elsevier Ltd. 
 
3.1 Introduction 
It is the future hope that organic thin-film solar cells (OSCs) can be better than traditional inorganic 
photovoltaic devices in terms of material, and that there will be the possibility to develop large area, light, 
and flexible energy conversion sources through being simple, cost effective and environmentally friendly 
technologies.1  In order to separate the strongly bound Frenkel excitons in organic thin films, the donor-
acceptor (D-A) concept referred to as bulk-heterojunction (BHJ) OSCs comprised of electron-rich and 
electron-deficient components was proposed,2 which has become one of the most successful device 
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structures developed in the field to date. Based on the short diffusion distance of excitons in organic 
materials, BHJ OSCs with optimized morphology can present a much larger interfacial D/A contacting 
area, which thus allows the collection and dissociation of a larger number of excitons and hence improved 
power-conversion efficiency (PCE). Therefore, the two-phase morphology of BHJ OSCs plays a critical 
role in influencing device performance.1a, 1b, 3  
For a high PCE, aside from state-of-the-art π-conjugated semiconductor development, many largely 
empirical methods have been employed to create nanoscale bicontinuous morphology of D/A phases, 
including post-production annealing,4 solvent annealing,3e, 5 and the introduction of processing additives.6 
Among these approaches, processing additives provide the simplest and most effective means for 
optimizing a BHJ device’s morphology and significantly enhancing PCEs.  
In recent years, a variety of additives, such as 1,8-octanedithiol (OT), 1,8-diiodooctane (DIO), 1,6-
diiodohexane (DIH), nitrobenzene (NB), 3-methylthiophene, 3-hexylthiophene (3HT), oleic acid (OA), N-
methyl pyrrolidone (NMP), and 1-chloronaphthalene (CN), have been demonstrated to improve PCE of 
BHJ systems.7 However, exactly how additives improve OSC performance is still under debate.7a, 8 The 
primary requirements postulated are selective solubility towards one blend component and a low volatility. 
Curiously, recent studies have begun to demonstrate that the use of typical insulating polymers as 
macromolecular additives without fulfilling the requirements above can improve the performance of BHJ 
OSCs.9 Yet, direct evidence for this is lacking and the mechanism responsible for the evolution of the 
morphology as well as the function of processing macromolecular additives is still not clear. 
In the quest to build a comprehensive understanding of this very important topic, in the present work, the 
effects of adding various macromolecular additives (e.g., polystyrene (PS), polydimethylsiloxane (PDMS), 
and poly(methyl methacrylate) (PMMA)) have been investigated on optical properties, nanostructural 
order, and device performance of a model small-molecule BHJ system based on 7, 7'-(4,4-bis(2-
ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-diyl) bis(6-fluoro-4-(5'-hexyl-[2,2'-bithiophen]-5-
yl)benzo[c][1,2,5]thiadiazole), DTGe(FBTTh2)2 (see Figure 3.1). Upon adding 1% (w/w) PMMA to the 
BHJ active layer, a PCE as high as 7.07% is achieved, and based on the current literature, appears to be the 
highest performing system available that functions best with the addition of macromolecular additives. It is 
also demonstrated that the PCE of BHJ OSCs from DTGe(FBTTh2)2:PC71BM blends can be improved from 
4.71% to 7.55% – a relative increase of 60% – after incorporating DIO. Not only do the results from this 
study will aid in understanding the mechanisms underlying the impact of  macromolecular additive 
processing, but they will also be key in leading to future studies that will elucidate the driving forces behind 





Figure 3.1. (a) Molecular structures of active layer components. (b) Various additives and (c) Device 
architecture used in the study. (d) Energy-level diagram of the components. 
 
3.2 Results and Discussion 
 
3.2.1 Device Characteristics  
The synthesis and energy levels (HOMO and LUMO) of DTGe(FBTTh2)2 has been previously reported by 
us (see Figure 3.1 d).10 In addition, at that time, it was verified that DIO affords the largest PCE 
enhancement for a DTGe(FBTTh2)2:PC71BM-bsaed system (from 4.12% to 6.4%).10 Therefore, 
examination took place alongside both cases via DIO and employing PC61BM, respectively, which would 
facilitate not only better understanding the mechanism for improvement but also for identifying what the 
differences induced by small and macromolecular additives are.  
First, the characteristics of the devices that were prepared by casting DTGe(FBTTh2)2:PC61BM from 
chlorobenzene following our group previously reported optimized fabrication process (a 6:4 (w/w) D/A 
blend ratio and an annealing step at 80 ˚C) were examined. Single-junction BHJ OSCs performances were 
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evaluated with the regular structure of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS)/ DTGe(FBTTh2)2:PCBM derivative/Al. Device fabrication details 
are provided in the device fabrication section of chapter 2. We varied the concentration of macromolecular 
additives from 0.5 to 3% (w/w) and DIO from 0.2 to 1% (v/v). The optimized concentration was 1% (w/w) 
for each macromolecular additive and 0.2% (v/v) for DIO. The representative device current density/voltage 
(J-V) characteristics (simulated AM 1.5 G irradiation at 100 mW cm-2) are shown in Figure 3.2 a, b and the 
parameters listed in Table 3.1 (see Supporting figures of section 3.5 at the end of this chapter for all testing 
data, Figure 3.7, 3.8 and Table 3.2, 3.3). The corresponding external quantum efficiency (EQE) curves for 
the best performing cells in each case are also provided (Figure 3.2 c, d), clearly showing EQE as a function 
of the additive types in the devices. In the case of DTGe(FBTTh2)2:PC61BM without using any additives, 
the best PCE of 6.03% was obtained with a JSC of 16.3 mA cm-2, an open-circuit voltage (VOC) of 0.746 V, 
and a fill factor (FF) of 50%. 
 
 
Figure 3.2. (a, b) Representative J-V curves under AM 1.5 G irradiation at 100 mW cm-2 and (c, d) 




As documented by others, the use of additives on DTGe(FBTTh2)2:PC61BM films enhanced overall PCE, 
except with the PS additive. In particular, the PMMA additive proved the most effective in 
DTGe(FBTTh2)2:PC61BM blends and resulted in PCE of up to 7.07%, even better than the DIO case, mainly 
attributed to the notably increased FF. Interestingly, this was the largest improvement and highest PCE 
achieved through the addition of macromolecular additives. 
Given our observation of the efficient OSCs performance by adding additives, consideration was then 
turned to devices using PC71BM. Although a similar trend was observed regarding PCE improvement being 
a function of adding all additives, the PCE values for DTGe(FBTTh2)2:PC71BM films with macromolecular 
additives were lower than those of the corresponding devices using PC61BM. This is in contrast to many 
other works where replacing PC61BM with PC71BM generally gives rise to improved performance.11 
 
Table 3.1. Photovoltaic parameters of optimized OSCs without and with additives a. 
Active layer Additive 
(w/v %)  
JSC (mA cm-2) VOC (V) FF PCE (%) 
DTGe(FBTTh2)2:PC61BM None 16.5 (16.3) 0.759 (0.746) 0.48 (0.50) 5.95 (6.03) 
DTGe(FBTTh2)2:PC61BM 1% PS 15.4 (13.6) 0.736 (0.754) 0.50 (0.56) 5.62 (5.75) 
DTGe(FBTTh2)2:PC61BM 1% PDMS 14.1 (15.0) 0.753 (0.753) 0.58 (0.56) 6.16 (6.30) 
DTGe(FBTTh2)2:PC61BM 1% PMMA 15.0 (15.4) 0.767 (0.768) 0.59 (0.60) 6.83 (7.07) 
DTGe(FBTTh2)2:PC61BM 0.2% DIO 17.4 (16.6) 0.737 (0.743) 0.53 (0.56) 6.80 (6.93) 
DTGe(FBTTh2)2:PC71BM None 15.5 (15.4) 0.741 (0.760) 0.40 (0.40) 4.60 (4.71) 
DTGe(FBTTh2)2:PC71BM 1% PS 15.2 (15.4) 0.718 (0.724) 0.46 (0.47) 5.02 (5.25) 
DTGe(FBTTh2)2:PC71BM 1% PDMS 16.4 (15.7) 0.747 (0.753) 0.45 (0.49) 5.63 (5.78) 
DTGe(FBTTh2)2:PC71BM 1% PMMA 17.5 (17.5) 0.757 (0.752) 0.47 (0.48) 6.27 (6.30) 
DTGe(FBTTh2)2:PC71BM 0.2% DIO 17.8 (17.8) 0.746 (0.759) 0.54 (0.56) 7.23 (7.55) 
a The data shown are the average values obtained from 10 devices with standard deviation. The data in parentheses are the highest 
values. 
Another interesting aspect of additive processing in DTGe(FBTTh2)2:PC71BM is that 
DTGe(FBTTh2)2:PC71BM devices containing 0.2% (v/v) DIO, a small amount, showed the best PCE of up 
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to 7.55%, which is beyond the hitherto reported highest PCE of the DTGe(FBTTh2)2-based OSCs even 
using an optical spacer.10 Among the macromolecular additives studied, both PC61BM- and PC71BM-based 
devices processed with PMMA showed the largest extent of performance improvement, respectively. 
 
3.2.2 Optical Properties and Film Morphologies 
To shed light on the origin of the enhanced performance of the OSCs processed with additives, the change 
in the optical properties and microstructure of optimized BHJ blend films upon addition of the additives 
through a combination of absorption spectra, atomic force microscopy (AFM), grazing incidence wide-




Figure 3.3. UV-Vis absorption spectra of DTGe(FBTTh2)2:PCBM films with and without additives. 
 
Absorbance measurements of both DTGe(FBTTh2)2:PC61BM and DTGe(FBTTh2)2:PC71BM show a very 
broad absorbance spanning the entire visible region up to ~750 nm as shown in Figure 3.3. Despite no 
significant variation in position of peaks being observed, changes in absorbance intensity was seen when 
the films were processed with additives. This provided supporting evidence for additive-dependent 
morphology of D/A phases in both PC61BM- and PC71BM-based devices. 
Figure 3.4 (a ̴ j) shows the qz (out-of-plane) and qxy (in-plane) GIWAXS profiles for the best OSCs processed 
with or without additives. The corresponding line cuts and lattice parameters are presented in section 3.5 
(Figure 3.9 and Table 3.4).  
For both the non-additive treated DTGe(FBTTh2)2:PC61BM and DTGe(FBTTh2)2:PC71BM, first diffraction 
(001) peaks were observed in the qz direction at d(001) = 23.99 Å and 25.73 Å respectively, while the 
diffraction peaks (previously indicated as (141))12 arising from the π-π stacking along qz were very weak 
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and therefore could be ignored. For the BHJ films processed with macromolecular additives, there was no 
significant change in packing orientations when compared with pristine films. This indicates that both films 
with and without macromolecular additives are similarly semi-crystalline, adopting edge-on packing 
relative to the substrates. 
On the other hand, together with the presence of intensified peaks around 1.35 Å-1 assigned to PCBM 
derivatives, both the PC61BM- and PC71BM-based samples with DIO not only exhibited more intense and 
sharper (001) peaks along qz, but also a strong π-π stacking peak near the qz plane was clearly observed and 
this suggested improved microstructural ordering with either the co-existence of face-on and edge-on 
orientations or the tilted orientation. 
 
 
Figure 3.4. GIWAXS patterns and π-π CCLs for the best OSCs processed with or without additives. (a ̴ e) 
DTGe(FBTTh2)2:PC61BM and (f ̴ j) DTGe(FBTTh2)2:PC71BM GIWAXS images, (k) and (l) π-π CCL 
values respectively. 
 
One may conclude that the introduction of DIO enhances the crystallinity of both the edge-on and face-on 
DTGe(FBTTh2)2 lamellae, with reduced edge-on crystallites and an increased population of face-on ones. 
This is most likely attributed to the superior PCEs in the devices with DIO, since the face-on geometry is 
postulated to be the preferred orientation in BHJs because the average charge transport direction is 
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commensurate with device geometry.13 It should be noted that a closer look at the line-cut profiles along 
qxy reveals another interesting feature in the PMMA-treated DTGe(FBTTh2)2:PC61BM - a splitting of the π-
π stacking (141) is observed, which indicates there is a double population of π-π stacking distances. This is 
identification of one of the specific points of interaction between PMMA and DTGe(FBTTh2)2 and 
reasonably attributed to the high PCE obtained from DTGe(FBTTh2)2:PC61BM devices with PMMA. 
We also calculated crystallite correlation length (CCL) of π-π stacking lattice planes along qxy by using 
Debye Scherrer’s equation,14 where Gaussian fitting is used to obtain full widths at half-maximum (FWHM) 
values (Figure 3.4 k, l). All DTGe(FBTTh2)2:PC61BM films with macromolecular additives had nearly 
similar CCL values in the range of 20±4 nm, while a larger CCL (32±1nm) was observed when using the 
DIO additive. Note that the calculated CCL for PMMA-treated DTGe(FBTTh2)2:PC61BM would be 
somewhat  smaller than the real value because of the existence of π-π stacking peak splitting, as mentioned 
earlier. In the cases of DTGe(FBTTh2)2:PC71BM, similar variation trends were found. These results confirm 
that BHJ films processed with DIO as a small additive versus macromolecular additives have larger π-π 
CCL values, likely because of increased π-π interactions dominating film formation. This would therefore 
allow DTGe(FBTTh2)2 molecules to pack with a longer-range order and is in solid agreement with what is 
observed in the GIWAXS profiles of DIO treated films.15 
This matched well with the present study’s AFM observations (Figure 3.5); the root mean square (RMS) 
roughness (Rq) values do not vary significantly by using different macromolecular additives, while DIO 
results in larger surface roughness compared to the corresponding non-additive treated films. As a point of 
interest, in a close up of the phase images (section 3.5, Figure 3.10), the films proceeded with 
macromolecular additives, especially those containing PDMS, and have a pronounced nano-fibril formation 
relative to the DIO systems. Such nano-fibrillar features have been previously reported for other small 
molecule-based BHJ systems processed with PDMS.9b 
 
 
Figure 3.5. Morphology analysis of the best OSCs processed with or without additives by AFM (1×1 µm). 




Next, HR-TEM was measured to monitor the morphological features of the blend films more directly. 
Consistent with the AFM morphology, in HR-TEM images (Figure 3.6), the pristine films without additives 
do not show obvious contrast that would emanate from largely homogenous morphology, while in the 




Figure 3.6. Morphology analysis of the best OSCs processed with or without additives by HR-TEM (Scale 
bar is 0.2 µm). (Top: a,c~f) DTGe(FBTTh2)2:PC61BM and (Bottom: b,g~j) DTGe(FBTTh2)2:PC71BM. 
 
Compared with the TEM images of films with macromolecular additives, the wire-like structures are more 
vivid with DIO. These results correlate well with the morphology trends induced by macromolecular 
additives versus DIO observed with AFM and GIWAXS. Note that there is subtle difference in a closer 
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look of the TEM images between PC61BM- and PC71BM-based blend films proceeded with macromolecular 
additives, while both PC61BM- and PC71BM-based films with DIO have similar features. In addition, the 
observed better crystallinity of DTGe(FBTTh2)2:PC61BM films compared to the corresponding PC71BM-
based analogues is one important reason that can contribute to the enhanced FF values, though this cannot 
be solely the result of the changes seen in BHJ OSCs. It is worth highlighting that similar crystalline domain 
sizes (length = 30±10 nm, width = 10±3 nm) are observed in films with PMMA (Figure 3.6 e) or DIO 
(Figure 3.6 f,j), being beneficial for exciton separation and charge transport.16 This is likely the cause of the 
higher PCEs in the PMMA- and DIO-treated devices. 
Even though all results described here are associated with molecular packing/crystallinity and cannot 
provide solid microscopic clues towards understanding the largely improved PCEs by adding PMMA, it is 
still believed that favorable morphology, as in the DIO case, comes about with assistance from the addition 
of the optimized content of PMMA, and therefore, the OSCs with either PMMA or DIO outperform those 
of other additives. Another possible reason is that friendly active materials-PMMA interactions may lead 
to a beneficial effect on several key device metrics. 
 
3.3 Conclusion 
In summary, the work presented here has systematically examined the effect of macromolecular additives 
(PS, PDMS, and PMMA) versus the most widely-used small DIO additive on the morphology and 
photovoltaic property of a model BHJ system based on DTGe(FBTTh2)2. Based on optimizing the amount 
of additives included, PCEs can improve as a result of fine-tuning the blended film nanoscale morphology. 
Of particular significance is that the introduction of PMMA in DTGe(FBTTh2)2:PC61BM blends can bring 
over 17% improvement in PCE (from 6.03% to 7.07%), even greater performance than in the case of DIO. 
Furthermore, it was possible to attain PCEs of up to 7.55% in DIO-treated DTGe(FBTTh2)2:PC71BM films, 
far beyond the current known levels for DTGe(FBTTh2)2-based OSCs. With a combination of device 
characterization and morphological studies, and despite the obvious differences in morphology as a function 
of macromolecular additives versus DIO, PMMA has been demonstrated to be well-suited for BHJ OSCs 
as a new macromolecular additive and gives rise to the enhanced PCEs. Ultimately, PMMA utility may be 
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Figure 3.7. J-V characterization plots for DTGe(FBTTh2)2:PC61BM films with different concentration of 













JSC (mA cm-2) VOC (V) FF PCE (%) 
DTGe(FBTTh2)2:PC61BM 0.5% PS 13.8 0.763 0.44 4.51 
DTGe(FBTTh2)2:PC61BM 1% PS 13.6 0.754 0.56 5.75 
DTGe(FBTTh2)2:PC61BM 2% PS 14.5 0.722 0.48 5.10 
DTGe(FBTTh2)2:PC61BM 3% PS 13.0 0.738 0.44 4.73 
DTGe(FBTTh2)2:PC61BM 0.5% PDMS 14.8 0.760 0.55 6.26 
DTGe(FBTTh2)2:PC61BM 1% PDMS 15.0 0.753 0.56 6.30 
DTGe(FBTTh2)2:PC61BM 2% PDMS 14.8 0.763 0.53 6.03 
DTGe(FBTTh2)2:PC61BM 3% PDMS 13.9 0.771 0.53 5.74 
DTGe(FBTTh2)2:PC61BM 0.5% PMMA 13.7 0.764 0.57 5.91 
DTGe(FBTTh2)2:PC61BM 1% PMMA 15.4 0.768 0.60 7.07 
DTGe(FBTTh2)2:PC61BM 2% PMMA 13.0 0.768 0.56 5.60 
DTGe(FBTTh2)2:PC61BM 3% PMMA 14.3 0.757 0.50 5.45 
DTGe(FBTTh2)2:PC61BM 0.2% DIO 16.6 0.743 0.56 6.93 
DTGe(FBTTh2)2:PC61BM 0.4% DIO 13.5 0.763 0.57 5.87 







Figure 3.8. J-V characterization plots for DTGe(FBTTh2)2:PC71BM films with different concentration of 


















JSC (mA cm-2) VOC (V) FF PCE (%) 
DTGe(FBTTh2)2:PC71BM 0.5% PS 14.8 0.741 0.41 4.46 
DTGe(FBTTh2)2:PC71BM 1% PS 15.4 0.724 0.47 5.25 
DTGe(FBTTh2)2:PC71BM 2% PS 15.9 0.721 0.42 4.85 
DTGe(FBTTh2)2:PC71BM 3% PS 15.8 0.724 0.42 4.77 
DTGe(FBTTh2)2:PC71BM 0.5% PDMS 16.8 0.745 0.45 5.60 
DTGe(FBTTh2)2:PC71BM 1% PDMS 15.7 0.753 0.49 5.78 
DTGe(FBTTh2)2:PC71BM 2% PDMS 16.9 0.756 0.43 5.45 
DTGe(FBTTh2)2:PC71BM 3% PDMS 15.1 0.768 0.44 5.05 
DTGe(FBTTh2)2:PC71BM 0.5% PMMA 16.8 0.740 0.41 5.08 
DTGe(FBTTh2)2:PC71BM 1% PMMA 17.5 0.752 0.48 6.30 
DTGe(FBTTh2)2:PC71BM 2% PMMA 15.6 0.729 0.44 5.04 
DTGe(FBTTh2)2:PC71BM 3% PMMA 16.7 0.739 0.40 4.92 
DTGe(FBTTh2)2:PC71BM 0.2% DIO 17.8 0.759 0.56 7.55 
DTGe(FBTTh2)2:PC71BM 0.4% DIO 13.6 0.765 0.56 5.82 








Figure 3.9. Line cuts obtained from GIWAXS data; (a), (b) in plane and (c), (d) out of plane profiles for 
DTGe(FBTTh2)2:PC61BM and DTGe(FBTTh2)2:PC71BM films without and with additives, respectively. 















Unit cell long 
axis (001) ( Å−1) 
d001 
(Å) 
π-π stacking cell 
axis (141) ( Å−1) 
d141 
(Å) 
DTGe(FBTTh2)2:PC61BM None 0.2618 23.99 1.732 3.627 
DTGe(FBTTh2)2:PC61BM 1% PS 0.2393 26.26 1.717 3.660 
DTGe(FBTTh2)2:PC61BM 1% PDMS 0.2770 22.68 1.720 3.652 
DTGe(FBTTh2)2:PC61BM 1% PMMA 0.2428 25.88 1.734 3.624 
DTGe(FBTTh2)2:PC61BM 0.2% DIO 0.2632 23.87 1.732 3.628 
DTGe(FBTTh2)2:PC71BM None 0.2442 25.73 1.717 3.659 
DTGe(FBTTh2)2:PC71BM 1% PS 0.2606 24.11 1.717 3.659 
DTGe(FBTTh2)2:PC71BM 1% PDMS 0.2534 24.80 1.722 3.649 
DTGe(FBTTh2)2:PC71BM 1% PMMA 0.2463 25.51 1.733 3.625 
DTGe(FBTTh2)2:PC71BM 0.2% DIO 0.2589 24.27 1.723 3.646 
 
 
Figure 3.10. Morphology analysis of the best OSCs processed with or without additives by AFM phase 






Chapter 4. Ternary Solar Cells an approach to achieve Unprecedented 
Efficiency 
 
Ternary blend organic solar cells (OSCs) comprising multiple donor or acceptor materials in an active layer 
have been emerged as promising alternatives to enhance photovoltaic parameters for spectrally broad light 
harvesting while retaining the simplicity of a single step for processing the active layer as compared with 
traditional binary or tandem OSCs. Recent ternary structures of conjugated polymers have achieved around 
10% power conversion efficiencies (PCEs), showing the great potential of ternary systems. Herein, we 
report ternary OSCs fabricated by incorporating DR3TSBDT as an additional donor into PTB7-Th:PC71BM 
host matrix at different weight ratios, exhibiting the record-PCE of >12.0% in the highly optimized 
conditions. Through a series of characterizations, we identified that our ternary OSCs have the mixed face-
on and edge-on orientations, reaching much improved PCEs unlike common high-performing OSCs that 
preferentially favor face-on orientated host systems. Additionally, the high PCE in this ternary structure 
results from not only broadening the photon absorption range, but also facilitating charge transporting 
characteristics with reduced recombination through a combination of cascade energy levels in the optimized 
condition. Secondly, detailed investigation of the effect of side-chain engineering of the third component 
on the blend morphology and performance of ternary organic solar cells (OSCs) has also been investigated. 
In this study, we measured the performance of ternary OSCs in a given PTB7-Th:PC71BM host set by 
introducing various small molecule donors (SMDs) with different terminal side-chain lengths. As expected, 
the performance of binary OSCs with SMDs depended greatly on the side-chain length. In contrast, we 
observed that all SMD-based ternary OSCs exhibited almost identical and high power-conversion 
efficiencies of 12.0%–12.2%. This minor performance variation was attributed to good molecular 
compatibility between the two donor components, as evidenced by in-depth electrical and morphological 
investigations. Our results highlight that the alloy-like structure formed due to the high compatibility of the 
donor molecules had a more significant effect on the overall performance than the side-chain length, 









4.1 Complementary Absorption & Suitable Energy Level Alignments for Enhanced Electrical and 
Morphological Features 
 
Chapter 4.1 is reproduced in part with permission of “Ternary Solar Cells with a Mixed Face-On and Edge-
On Enable an Unprecedented Efficiency of 12.1%.” from Kumari T. et al. Energy Environ. Sci. 2017, 10, 





An in-depth understanding of the operating mechanism of binary blend organic solar cells (OSCs), 
consisting of a polymeric donor and a fullerene acceptor, has enabled several research efforts aimed 
at increasing the power conversion efficiencies (PCEs) of OSCs.1 An optimization process 
involving a synergistic combination of active materials design,1b, 2 nanoscale morphology control,3 
and device engineering4 resulted in a significant breakthrough of over 10% PCEs for single-junction 
binary OSCs.1c, 1d, 5 In a promising approach for further increasing the PCEs, tandem OSCs–in which 
two (or more) sub-cells absorbing light in different regions of the solar spectrum are connected in 
either series or parallel–have been studied.6 The impressive progress in the field of tandem OSCs 
has laid a solid foundation for improving the PCEs by ~40–50%,7 demonstrating their immense 
potential for a practically realizable OSC technology. Nonetheless, there are several drawbacks in 
using tandem architectures, such as the complex fabrication process and high production cost, 
which limits their practical application.6a, 8 
Ternary blend OSCs comprising two donors and one acceptor (or one donor and two acceptors) are 
emerging as a fascinating alternative to overcome the challenges encountered during   spectrally 
broad light harvesting using multi-junction OSC processing while retaining the simplicity of a 
single-step processing of the active layer.5b, 9 Despite some successful examples of ternary OSCs 
achieved by carefully selecting multiple components,3a, 10 the current PCEs generally continue to be 
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far less than the state-of-the-art binary and tandem systems. This is because the third component 
within the host binary systems can act as a recombination centre or a morphological trap rather than 
a control agent to extend the absorption of the solar spectrum, since unfavourable interactions 
between the third component and host blend are inevitable.11 Therefore, the molecular compatibility 
of the active materials used in ternary OSCs is believed to be critical in achieving high PCEs.1c, 5b, 
12 We speculate that in a vast pool of available active materials, the use of an archetype of high-
performance  poly(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-
alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)) (PTB7-Th):[6,6]-
phenyl-C71-butyric acid methyl ester (PC71BM) binary host can pave a shortcut for discovering ideal 
ternary systems. In addition to its appropriate energy level alignment and high-crystalline 
characteristics, a benzo[1,2-b;4,5-b']dithiophene (BDT)-based small molecule, namely 
DR3TSBDT, is intuitively expected to have good compatibility with PTB7-Th because of the 
molecular similarity in their backbones, which is based on identical BDT units. 
Given this background, a ternary OSC was designed and fabricated by incorporating DR3TSBDT 
as the additional donor into the PTB7-Th:PC71BM host matrix. The ternary system demonstrated 
an unprecedented PCE of 12.1% under optimal conditions. Unlike common high-performance 
OSCs that favour face-on orientation, our ternary OSCs have a mixed orientation, which is a 
combination of face-on and edge-on orientations, thus enabling much higher PCEs compared to the 
preferentially face-on orientated host system. Our in-depth study reveals that the exceptionally high 
PCE results from not only improving the photon absorption range but also facilitating charge 
transport while reducing recombination. This is achieved through a combination of cascade energy 
levels and optimized morphology. 
 
 
Figure 4.1.1. a) Chemical structures of PTB7-Th, DR3TSBDT, and PC71BM. b) Device 




4.1.2 Results and Discussion 
4.1.2.1 Structure and Optical Properties 
The chemical structures of PTB7-Th, DR3TSBDT, and PC71BM, as well as the device architecture 
and corresponding energy levels, are given in Figure 4.1.1 a and b. We first carried out a detailed 
spectroscopy study to understand the changes in chlorobenzene (CB) solution and in solid 
chlorobenzene based thin film following the incorporation of the third component. The two donor 
components exhibit complementary absorption spectra (Figure 4.1.2a). The maximum absorption 
for the PTB7-Th film is at 706 nm and that of the DR3TSBDT film is centred at 586 nm. As the 
DR3TSBDT content in PTB7-Th increased, the absorption intensity gradually increased in the 
region of 400–600 nm, while the absorption at around 700 nm decreased. Note that the maximum 
absorption of PTB7-Th is red-shifted following the incorporation of DR3TSBDT. 
 
 
Figure 4.1.2. a) Absorption spectra of two donors’ blend films. b) Absorption spectra of ternary 
blend films. c) Photoluminescence spectra (PL) of two donors’ binary blend. d) Photoluminescence 




Figure 4.1.2b shows the effect of incorporating various concentrations of DR3TSBDT into the 
PTB7-Th:PC71BM host at a certain blending ratio (1:1.5 wt./wt.). As for the absorption spectra of 
the two donor mixtures (Figure 4.1.2a), it is seen that incorporating DR3TSBDT to form ternary 
blends leads to a small red-shift in the low-energy absorption band, implying an increased molecular 
ordering in PTB7-Th, which is induced by the favourable interaction with DR3TSBDT. Therefore, 
we expect that an optimal amount of DR3TSBDT will facilitate the crystallization of PTB7-Th in 
ternary OSCs. In addition, the ternary films formed using 10–30 wt.% DR3TSBDT provide a 
relatively high absorption intensity over a broad wavelength range of 300 to 800 nm (Figure 4.1.2b). 
Figure 4.1.2c and d show the photoluminescence (PL) spectra of each neat donor, two-donor binary 
blend, and ternary blend solutions under excitation at ~500 nm. PTB7-Th exhibits a rather 
structured emission with a maximum at 760 nm and DR3TSBDT shows a broad emission peak 
from 580 to 800 nm, which overlaps with the absorption spectrum of PTB7-Th. A gradual increase 
in the emission intensity of DR3TSBDT was observed, while the emission intensity of PTB7-Th 
decreased with increasing DR3TSBDT loading ratios, reflecting the existence of Förster energy 
transfer between DR3TSBDT and PTB7-Th.9a, 9d, 10b, 10e Interestingly, the quenching of the emission 
was more efficient in ternary films with 25 wt.% DR3TSBDT than in other ternary blends, implying 
the feasibility of a relatively optimized charge transfer pathway at the two donors/acceptor interface. 
 
4.1.2.2 Photovoltaic Performance 
The photovoltaic performance of OSCs fabricated using different DR3TSBDT concentrations was 
evaluated using a conventional architecture of indium-tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/active layer/Al under simulated 
AM 1.5G irradiation (100 mW cm-2). The overall donor to PC71BM ratio in the active layer was 
fixed at 1:1.5 wt./wt. 1,8-Diiodooctane (DIO, 3.0 vol.%) was used as a processing additive. This 
paper presents a discussion on the representative ternary blend systems (0, 10, 25, 30, 40, and 100 
wt.% DR3TSBDT loading ratios). Additional details of ternary blends examined in this study are 
included in supporting figures of 4.1.5 section (Figure 4.1.10 and 4.1.11), and detailed in the device 
fabrication section of chapter 2. The current density–voltage (J–V) characteristics of OSCs are 
shown in Figure 4.1.3a and the corresponding device parameters are summarized in Table 4.1.1. 
Using highly optimized conditions for PTB7-Th:PC71BM binary OSCs, a maximum PCE of 10.10% 
was obtained, with a short-circuit current density (JSC) of 19.43±0.30 mA cm-2, an open-circuit 
voltage (VOC) of 0.785±0.004 V, and a fill factor (FF) of 64.90±0.40%. The PCE value reported in 
this study is comparable with that of the previous best OSCs based on PTB7-Th:PC71BM.9d, 13 Upon 
the addition of 25 wt.% DR3TSBDT into the host system, JSC increases continuously together with 
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a moderate enhancement in FF (up to 70.44%), whereas a marginal decrease in VOC was observed 
in the range of 0.794–0.772 V. Meanwhile, at DR3TSBDT loadings higher than 30 wt.%, a large 
drop in JSC was observed. Therefore, ternary OSCs with a 25 wt.% DR3TSBDT content exhibited 
the best photovoltaic performance with a JSC  of 22.63±0.67 mA cm-2, a VOC of 0.765±0.007 V, and 
a FF of 68.5±1.9%, in an unprecedented PCE of 12.1% (average PCE = 11.78±0.34%). 
 
 
Figure 4.1.3. a) J-V characteristics of OSCs under AM 1.5G irradiation at 100 mWcm -2. b) The 
corresponding EQE curves. 
 
One of our best cells was sent to an independent solar cell calibration laboratory (Nano Convergence 
Practical Application Center, South Korea) for certification, confirming a PCE of 11.76%, with VOC 
= 0.756 V, JSC = 23.76 mA cm-2, FF = 65.5%, (see Figure 4.1.12 of section 4.1.5). To the best of 
our knowledge, this value is among the highest certified PCE reported during that period for any 
type of OSCs. Evidence of hysteresis less J–V characteristic curve for one of the best device is also 
provided (see Figure 4.1.13 of section 4.1.5). Additionally, we observed that VOC is composition-
dependent in the blend systems studied, rather than being determined by the difference between 
PC71BM LUMO and the lowest-available donor HOMO level. The observed behaviour in VOC 
suggests the formation of an alloy-like model induced by the compatible donors.1a, 1c, 14 External 
quantum efficiency (EQE) spectra revealed an excellent photocurrent response over the absorption 
range 300–800 nm (Figure 4.1.3b). For all devices, the shapes of the EQE plots are similar to the 
corresponding absorption spectra, indicating that the absorption over the entire wavelength range 
contributes to the photocurrent generation. 
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2.200×10-4 1.268×10-4 1.735 






2.119×10-4 1.176×10-4 1.801 
40% 17.37 (18.00) 
0.756 
(0.766) 
67.60 (69.10) 8.88 (9.26) 2.020×10-4 1.048×10-4 1.927 
100% 12.92 (13.41) 
0.897 
(0.902) 
54.80 (56.72) 4.99 (5.52) 0.208×10-4 0.159×10-4 1.309 
aThe average values obtained from at least 16 devices with standard deviation. The data in parentheses are the highest values. bThe 




Figure 4.1.4. Surface energy measurement. Photographs of the drop of water on the surface of a) 
DR3TSBDT and b) PTB7-Th:PC71BM films on a glass substrate. 
 
From differential scanning calorimetry (DSC) data as shown in supporting Figure 4.1.14 of section 
4.1.5, the heating curve of the pristine DR3TSBDT shows a clearly endothermic transition (i.e., 
melting peak), confirming its relatively high crystallinity. In contrast, no such thermally induced 
transition occurs during the heating cycle of both the pristine PTB7-Th and all the blend systems of 
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PTB7-Th:DR3TSBDT, suggesting a lack of pure DR3TSBDT domains in the blends.1c, 15 The 
similar surface energies of 28.4 and 30.6 mJ m-2 for DR3TSBDT and PTB7-Th:PC71BM host blend, 
respectively, calculated using Young’s equation16 provide additional proof of the good miscibility 
in ternary systems (see Figure 4.1.4). This is further evidenced from energy dispersive X-ray 
analysis (EDAX) and optical microscopy. The EDAX elemental mapping indicates that the nitrogen 
signals from DR3TSBDT are well-spread and are adjacent to the fluoride peaks of PTB7-Th in the 
ternary blends (see Figure 4.1.5). Each ternary film appears to be uniformly blended, at least at the 
scale shown in the optical microscopy, lacking any gross aggregation (see supporting Figure 4.1.15 
of section 4.1.5). 
 
 
Figure 4.1.5. Energy dispersive X- ray elemental mapping; the fluorine (purple dots) and nitrogen 
(red dots) indicate PTB7-Th and DR3TSBDT, respectively and the inset is the corresponding 
zoomed images. 
4.1.2.3 Carrier Transport and Recombination Dynamics 
To understand the working mechanism and the different photovoltaic performances in the tested 
OSCs, we characterized the charge transport property and recombination dynamics. The charge 
carrier mobilities of the hole- and electron-only devices were estimated using space-charge limited 
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curve (SCLC)17 as detailed in the characterization methods section of chapter 2 (Table 4.1.1 and 
see supporting Figure 4.1.16 of section 4.1.5). With the electron mobilities being relatively constant 
for all ternary cases, the hole mobilities are sensitive to the DR3TSBDT loading ratios. All blends 
investigated in this study exhibited highly balanced charge-transport properties (hole/electron 
mobility ratios of 1.30–1.92). In addition, it was found that both the hole and electron mobilities 
gradually increased at low DR3TSBDT loadings (0–25 wt.%), while a further increase in the 
DR3TSBDT content caused a decrease in the mobilities. Thus, the ternary OSCs with 25 wt.% 
DR3TSBDT showed a superior mobility level compared to the other samples, implying better 
percolation pathways for the charge carriers. This is due to the optimized DR3TSBDT:PC71BM, 
especially low FF. 
 
 
Figure 4.1.6. a) Dependence of current density (JSC) and b) VOC on light intensity of OSCs. 
 
To further investigate recombination dynamics, light intensity dependence on JSC and VOC is 
measured. The device with 25 wt.% DR3TSBDT exhibited the weakest bimolecular recombination 
with an α value of 0.98 (see Figure 4.1.6a), which partially explains the highest JSC and mobility 
levels observed. Figure 4.1.6b shows a plot of VOC as a function of the logarithm of light intensity. 
For all cases, a strong dependence of VOC on light intensity with a slope larger than 2 kT/q is 
observed, where k is Boltzmann’s constant, T is temperature, and q is elementary charge, suggesting 
the presence of a trap-assisted recombination. 
 
4.1.2.4 Film Morphology and Microstructure  
The morphology and microstructure of the blend films were characterized using atomic force microscopy 
(AFM), high-resolution transmission electron microscopy (HR-TEM), and grazing incidence wide-angle 
X-ray scattering (GIWAXS). The PTB7-Th:PC71BM host blend film possessed a small-length scale 
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morphology with a root-mean-square (RMS, Rq) roughness of 1.24 nm (Figure 4.1.7a and supporting Figure 
4.1.17 of section 4.1.5). Incorporating up to 30 wt.% DR3TSBDT into the host matrix led to a gradual 
increase in the RMS, but the surface continued to be smooth, along with uniform features with a nanoscale 
phase separation. However, a further increase in DR3TSBDT caused a higher roughness with large 
aggregated regions. Besides, the HR-TEM images of ternary films containing 25–40 wt.% DR3TSBDT 
showed finely dispersed fibrils with domain sizes ranging from 10 to 15 nm, plausibly reflecting an 
interpenetrating network (Figure 4.1.7b). However, such features were not observed in other films. 
 
 
Figure 4.1.7. a) AFM topography images (scan size 1×1 μm) and b) High resolution transmission electron 
microscopy images (scale bar 50 nm) of blend films with different DR3TSBDT loading ratios. Different 
color bars are used for the height (AFM) variance. 
 
As seen from the GIWAXS patterns in Figure 4.1.8 and supporting Figure 4.1.18 of section 4.1.5, PTB7-
Th:PC71BM produced a (010) - stacking peak centered at about 1.67 Å-1 in the out-of-plane direction (qz) 
with an arc-like lamellar (100) peak along the in-plane direction (qxy). This indicates a favored face-on 
orientation relative to the substrate (supporting Table 4.1.2 of section 4.1.5 for detailed crystallographic 
parameters). In contrast, in the case of DR3TSBDT:PC71BM, another binary system, the (010) - stacking 
peak, was located along the qxy direction in conjunction with highly ordered lamellar (100), (200), and (300) 
peaks in the qz axis, suggesting a preferential edge-on alignment. Interestingly, adding DR3TSBDT to form 
the ternary films resulted in the formation of (010) - stacking peaks in both qxy and qz profiles, providing 
a conclusive evidence for the formation of mixed edge-on and face-on orientations, the so-called 3-D 
textured structures. In particular, we found that the intensities of both out-of-plane and in-plane (010) peaks 
were strengthened for the ternary film in case of the 25% DR3TSBDT blend (Figure 4.1.9a), which is 




Figure 4.1.8. Grazing incidence wide angle X-ray scattering (GIWAXS) patterns of blend films with 
different DR3TSBDT loading ratios. Different color bars are used for the intensity variance. 
 
Additionally, for all samples, the (010) coherence lengths (LCs), which are a measure of cumulative lattice 
distortions in both qxy and qz axes, were also calculated using the Scherrer equation18 (Figure 4.1.9b). With 
the LC values along the qz being relatively consistent for the all cases (4–7 nm), the LC values along the qxy 
increased from ~6 to 20 nm with an increase in the DR3TSBDT loading ratios, illustrating that the ternary 
systems could form larger nanocrystallites than the PTB7-Th:PC71BM host. These changes in the molecular 
stacking and crystallinity, following the addition of a guest molecule to the host matrix, provide additional 
evidence for the alloy model proposed in this study.1a, 1c, 12g, 14, 19 Another observation that needs to be 
emphasized is that, compared to the PTB7-Th:PC71BM host system, which has a predominantly face-on 
orientation, our data for the optimized ternary systems with 3-D textures indicate far better PCEs. This 
reported observation reported, for the first time, challenges the traditional assumption that face-on 




Figure 4.1.9. Exemplary fittings of the GIWAXS line cuts at higher q region in horizontal direction for 
PTB7-Th:PC71BM, PTB7-Th-DR3TSBDT (25%):PC71BM and DR3TSBDT:PC71BM blend films. b) In-
plane crystallite coherence length (CCL) of π-π stacking. Gaussian fits are used to determine peak position 
and FWHM. 
4.1.3 Conclusions 
A ternary system comprising DR3TSBDT:PTB7-Th as a donor and PC71BM as an acceptor was 
investigated in detail, considering both cascaded energy levels and molecular compatibility. At low 
DR3TSBDT loadings (≤25 wt.%) into the host system, synergistic effects such as increased JSC and FF 
were observed, which is attributed to enhanced light absorption and charge transport, reduced 
recombination, and optimized morphology. A notable PCE as high as 12.1% was obtained from ternary 
OSCs with 25 wt.% DR3TSBDT, which is among the highest value reported so far. The intimate mixing 
property of two donors enables the formation of an alloy-like model in the present ternary systems, as 
verified by not only elemental mapping and optical microscopy but also the VOC values and molecular 
packing/crystallinity. Moreover, we discovered that a mixed face-on and edge-on orientation in ternary 
OSCs, rather than an almost entirely face-on orientation, yields a better photovoltaic performance, which 
challenges the fundamental idea successfully used in the past to describe high-performance OSCs. This 
finding provides further impetus for continued research in the field of ternary OSCs in order to understand 
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4.1.5 Supporting Figures 
 
 
Figure 4.1.10. Contour plot showing the experimental power conversion efficiency (PCE) versus the wt.% 
of PTB7-Th (contour lines) and DR3TSBDT (colors) as two donor materials in the optimized ternary 








Figure 4.1.11. a) Current density. b) Voltage. c) Fill factor. d) Efficiency versus wt.% of DR3TSBDT used 
















Figure 4.1.12. Independent certification confirming a power conversion efficiency of 11.76% by Nano 









Figure 4.1.14. Differential scanning calorimetry (DSC) curves for the two donors’ blend at different wt.% 





Figure 4.1.15. Optical microscopic images of ternary blends in normal and inverse color mode. a), b) 0%. 





















Figure 4.1.16. a) Hole mobility. b) Electron mobility of OSCs. 
 
 
Figure 4.1.17. a) 0%, b) 10%, c) 25%, d) 30%, e) 40%, and f) 100% AFM phase images (scan size 1 × 1 










Figure 4.1.18. a) Out-of-plane. b) In-plane line cut profiles obtained from GIWAXS data. 
 
Table 4.1.2. Lattice parameters in out-of-plane and in-plane direction for ternary system with different 
DR3TSBDT loading ratios. 
Active layer Unit cell long axis (100) (Å−1) d100 (Å) π-π stacking cell axis (010) (Å−1) d010 (Å) 
Out of plane 
0 % 0.2960 21.22 1.689 3.719 
10 % 0.2793 22.50 1.677 3.747 
25 % 0.2795 22.48 1.675 3.752 
30 % 0.2748 22.86 1.674 3.753 
40 % 0.2788 22.53 1.672 3.758 
100 % 0.3202 19.62   
In plane 
0 % 0.2999 20.95   
10 % 0.2912 21.58 1.652 3.804 
25 % 0.2881 21.81 1.648 3.813 
30 % 0.2881 21.81 1.669 3.765 
40 % 0.3043 20.65 1.650 3.808 














































4.2 Study of Compatibility of Third component through Side Chain Engineering to Tune the Device 
Performance 
Chapter 4.2 is reproduced in part with permission of “Harmonious Compatibility Dominates Influence of 
Side-Chain Engineering on Morphology and Performance of Ternary Solar Cells” from Kumari T. et 





Bulk-heterojunction (BHJ) binary organic solar cells (OSCs) composed of two components, such as an 
electron donor and electron acceptor; their power-conversion efficiency (PCE) has rapidly improved in the 
last decade, exceeding 11% in single- and tandem-junction architectures.1 Based on improved 
understanding of the structure-property relationships, these improvements have been mainly driven by 
significant advances in the design and synthesis of better donor and acceptor materials.1b, 2 It is well 
documented that π-conjugated backbones can determine the optoelectronic properties of the resulting 
semiconducting materials; hence, the development of novel π-conjugated backbones is a central issue in 
this field.3 However, many recent studies have demonstrated the substantial impact of the alkyl side chains 
of the semiconductors on the performance of various organic electronic devices, including field-effect 
transistors and OSCs.4 A series of in-depth investigations of the critical roles of side-chain engineering in 
the molecular design followed, shedding light on the structure-property relationship in binary OSCs. 
On the contrary, the OSC community has recently developed ternary OSC structures designed to collect 
both high- and low-energy photons using three components in a single active layer.5 This design is 
considered a promising candidate to exceed the theoretical Shockley–Queisser limit.6 Owing to the simple 
single-step processing of the active layer and rapid improvements in the PCEs, an increasing amount of 
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research effort has been directed toward ternary OSCs. For example, various active layer compositions have 
been investigated, including two polymer donors blended with a fullerene acceptor, a polymer donor, and 
a small molecule/dye mixed with a fullerene acceptor, BHJ blend with an additional donor layer underneath, 
and a tri-layer containing two or more donors.2f, 3c, 3d, 5c, 7 In spite of this interesting progress, the effect of 
side chains on the film morphology and OSC performance in the ternary blend systems has yet to be 
examined. As a result, a systematic investigation on side chain-dependent molecular packing and device 
performance in a given ternary system is of great importance to achieve a deep understanding of the 
essential role played by the side chains. 
In our previous work, we reported a high-performance ternary OSC based on poly(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)) (PTB7-Th):[6,6]-phenyl-C71-butyric acid methyl 
ester (PC71BM) using DR3TSBDT as an additional small molecule donor (SMD).1c, 8 In this study, we used 
SMDs with different terminal side-chain lengths to fabricate a series of ternary OSCs based on PTB7- 
Th:SMD:PC71BM and investigated the effects of the length of the side chains on the performance of this 
ternary system. Unlike the observed big dependent performance of the binary systems on the side-chain 
modulation, all ternary OSCs tested in this study exhibited almost identical, high PCEs of 12.0%–12.2%. 
The results of comprehensive electrical and morphological characterization showed good molecular 
compatibility between the two donors, regardless of the terminal side chains, resulting in the similar PCE 
values in the ternary systems. 
 
4.2.2 Results and Discussion 
 
4.2.2.1 Structure and Optical Properties  
Figures 4.2.1a, b show the chemical structures of the SMD derivatives with different terminal side chains 
(methyl (Me), ethyl (Et), butyl (Bu), hexyl (Hx), and octyl (Oc)) (see their characterizations in the section 
2.1.2a of chapter 2),8 and the device structure showing the alloy-like structure5e where the two donor 
components are intimately mixed in the active layer. We refer to each SMD according to their side chain 
(SMD-Me, SMD-Et, SMD-Bu, SMD-Hx, and SMD-Oc) in the following discussions; their absorption 
spectra and cyclic voltammetry data are shown in supporting Figures 4.2.6a–d and Table 4.2.2 (see the 
section 4.2.5). We observed that tuning the terminal side chains did not cause any significant changes in 
the optical and electrochemical properties, even the absorption spectra of the ternary blending system (see 




Figure 4.2.1. (a) Chemical structures of SMD derivatives with different terminal side chains used in this 
study. (b) Conventional device architecture. (c) J-V characteristics of ternary OSCs under AM 1.5G 
irradiation at 100 mW cm-2 (inset: J-V characteristics in the dark). (d) The corresponding EQE curves. 
 
4.2.2.2 Photovoltaic Performance  
The OSCs were fabricated using a conventional architecture of indium-tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/active layer/Al. We carefully examined 
the performances of each ternary system with different weight ratio of the various SMDs (see the section 
4.2.5, Tables 4.2.3–7), confirming that PTB7-Th:SMD:PC71BM (75:25:150 wt.%) blend cells with 1,8-
diiodooctane additive (DIO, 3.0 vol.%) gave the best performances for all cases. This is consistent with the 
observation from our previous study.1c Figure 4.2.1c shows the representative current density versus voltage 
(J–V) characteristics of the optimized ternary OSCs under AM1.5G irradiation (100 mWcm−2), and Table 
4.2.1 summarizes the corresponding photovoltaic parameters. Before evaluating the photovoltaic properties 
of the ternary systems, we initially screened the performances of SMD:PC71BM-based binary control 
devices fabricated from the same chlorobenzene solvent as the ternary system.  
As can be seen from section 4.4.5 of supporting Figure 4.2.7 and Table 4.2.8, the binary devices showed 
very different behavior depending on the terminal side-chain length of the SMDs, yielding a large variation 
in PCE of 0.99%–5.97%. Besides, we further tested each binary system (Table 4.2.9, see section 4.2.5), 
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based on the optimized conditions of SMD-Et:PC71BM-based binary devices reported by Chen et. al.,8 still 
revealing significant changes in the performances as a function of the type of SDMs. 
 
Table 4.2.1. Photovoltaic parameters and charge transport properties of OSCs using SMD derivatives with 





VOC (V) FF (%) PCE (%) RS (Ω) RSH ×104 (Ω) 
SMD-Me 21.83 (22.00) 0.778 (0.780) 69.90 (70.43) 11.87 (12.1) 19.5 (20.2) 1.49 (3.73) 
SMD-Et 21.75 (21.95) 0.777 (0.778) 70.88 (71.44) 11.98 (12.2) 16.5 (17.9) 1.76 (2.25) 
SMD-Bu 21.82 (21.87) 0.775 (0.776) 69.65 (70.72) 11.78 (12.0) 14.9 (16.8) 1.37 (1.81) 
SMD-Hx 21.86 (21.90) 0.776 (0.776) 69.78 (71.20) 11.84 (12.1) 19.1 (17.4) 1.16 (1.52) 
SMD-Oc 21.69 (21.73) 0.774 (0.775) 69.85 (71.24) 11.73 (12.0) 18.3 (20.7) 1.42 (1.68) 
*Average values obtained from at least 20 devices. The data in parentheses are the highest values. 
Further information on the binary device fabrication can be found in the device fabrication section of 
chapter 2. Note also that despite the observed similarity between SMD frontier molecular orbital energies 
(see section 4.2.5, Figure 4.2.6d), the binary devices displayed very different VOC values, and this might be 
due to the varied bend morphologies arising from the terminal side-chain engineering. However, very 
interestingly, all the ternary devices exhibited very similar, high PCE values of 12.0%–12.2% with a short-
circuit current density (JSC) of 21.73–22.00 mAcm−2, open-circuit voltage (VOC) of 0.775–0.780 V, devices 
also showed nearly identical external quantum efficiency curves (Figure 4.2.1d), consistent with the 
observed similarity between the absorption spectra of the ternary blends. The best device is certified from 
an independent laboratory (Nano Convergence Practical Application Center, South Korea) with a PCE of 
11.918%, (see section 4.2.5, Figure 4.2.8). The average PCEs were achieved for 20 identical devices for 
each system, and the corresponding parameters (i.e., PCE, JSC, VOC, and FF) were also analyzed 
independently (see section 4.2.5, Figure 4.2.9). It is reasonable to believe that regardless of the lengths of 
the terminal side chains in SMDs, the channels formed by the good molecular compatibility of the two 
donors (PTB7-Th:SMD), as demonstrated by our previous result,1c were responsible for the similar behavior 
of all ternary blends. Note that for all devices, we also observed similar low leakage currents (∼10−3 
mAcm−2) under reverse bias and high rectification ratios (∼105) in the dark J−V characteristics (inset of 
Figure 4.2.1c), indicating similar charge extraction efficiencies. 
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4.2.2.3 Charge Carrier Transport and Recombination Dynamics  
Next, we characterized the charge-carrier mobilities of the hole- and electron-only ternary devices to 
examine the vertical charge transport properties using a space-charge limited curve (SCLC).9 All ternary 
blend systems showed similar SCLC hole (µh) and electron (µe) mobilities of 1.17–1.49 ×10−4 cm2V−1s−1 
and 0.60–0.80 ×10−4 cm2V−1s−1, respectively (see section 4.2.5, Figure 4.2.10 and Table 4.2.10), resulting 
in adequately balanced µh/µe ratios of 1.51–2.38. 
 
 
Figure 4.2.2. (a) Photo current measurement of ternary devices. (b) Dependence of current density (JSC). 
(c) Open-circuit voltage (VOC) on light intensity of OSCs using SMD derivatives with different terminal 
side chains. 
 
To gain a deeper insight into the photovoltaic responses of the ternary blends as a function of the length of 
the terminal side chains, we firstly quantitatively analyzed the dependence of the net photocurrent (Jph) on 
the effective applied voltage (Veff) using Jph = JL–JD (where JL is the current under illumination, and JD is 
the dark current) and Veff = V0−V (where V0 is the voltage at Jph = 0, and V is the applied bias voltage).1d, 10 
As shown in Figure 4.2.2a and Table 4.2.4 of section 4.2.5, for all samples, the Jph values became saturated 
at a Veff of ~0.3 V and Jph/saturation current density (Jsat) ratios in the low effective voltage range of Veff > 
0.3 were similar (~98%), implying similar charge dissociation and collection efficiencies. The 
recombination kinetics were also investigated by plotting the variations in JSC and VOC as functions of the 
applied light intensity in range of 10–100 mWcm−2.11 As shown in Figures 4.2.2b, c, all the devices showed 
a linear dependence of JSC with light intensity and similar coefficients (α) of 0.97–0.99, corresponding to 
the power law fit JSC ∝ Iα (where I is the light intensity). In addition, the slopes (kT/q) of VOC vs. the natural 
logarithm of the light intensity of the devices were measured, where k, T, and q are Boltzmann’s constant, 
temperature in Kelvin, and the elementary charge, respectively; for samples SMD-Me, SMD-Et, SMD-Bu, 
SMD-Hx, and SMD-Oc, these values were 1.83, 1.81, 1.85, 1.98, and 2.31, respectively. These results 
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suggest that all the ternary devices had very weak bimolecular recombination with slightly different degrees 
of Shockley-Read-Hall (trap-assisted recombination). 
The series resistance (RS) and shunt resistance (RSH) are also important parameters for explaining OSC 
device characteristics; RS is derived from the bulk resistances of the active layer and electrodes and from 
the contact resistances between the active layer and electrodes, while RSH originates from the leakage 
current from the edge of the device or that induced by pinholes in the cell. Therefore, we also characterized 
the RS and RSH of each optimized device at various illumination intensities (see section 4.2.5, Figure 
4.2.11).12 The RS and RSH values at 100 mWcm−2 are summarized in Table 4.2.1. All the devices gave 
similar, small RS values (less than 20 Ωcm2) and high RSH values (more than 11 KΩcm2), suggesting a 
suppressed leakage current and improved diode behavior; this is consistent with the usual high FF values 
obtained from the ternary OSCs. 
To further quantify resistive and capacitive contributions to the overall electrical response of the OSCs, we 
undertook electrochemical impedance spectroscopy of the ternary systems.9d, 13 Figure 4.2.3 shows Nyquist 
plots of the ternary devices at VOC both in the dark and at 100 mWcm−2 illumination over the frequency 
range of 1 KHz to 1 MHz, where no direct current is allowed, so that transport mechanisms play a secondary 
role. All Nyquist plots showed a single semicircle in the complex plot of the imaginary part versus the real 
part of the complex impedance. We observed almost no variation in the diameters of the semicircles 
obtained from the impedance spectra. The fitted curves are shown in Figure 4.2.3a, d as dashed lines 
together with the experimental data (denoted as symbols), where a simplified circuit model was used to fit 
these curves (see the inset of Figure 4.2.3a). The corresponding parameters are listed in the section 4.2.5, 
Table 4.2.11. In this circuit, ROS represents the Ohmic series resistance including the electrodes and bulk 
resistance in the active layer. RCT is associated with the interface charge transport process, defined by the 
charge-transfer resistance, and the constant phase element (CPE) suggests a non-ideal behavior of the 
capacitor. The CPE can be used in place of a capacitance-like element to compensate for inhomogeneity at 
the interfaces of the active layer components. The CPE is commonly defined by two values, CPE-T and 
CPE-P. When CPE-P equals 1, then the CPE is identical to an ideal capacitor without defects and/or grain 
boundaries.13d, 14 All the ternary devices showed similar CPE-P values (~0.95 in the dark and ~0.85 under 
illumination) and RCT values (~16 Ω in the dark and ~160 Ω under illumination), indicating that the interface 
capacitance between the compatible donors and PC71BM acceptor in the active layer was electrically 




Figure 4.2.3. Nyquist plots of the ternary devices in (a) dark (d) illumination condition. Inset of (a) is an 
equivalent circuit employed in fitting different impedance curves. (b), (e) The frequency-dependent real 
parts and (c), (f) the frequency-dependent imaginary parts in the impedance spectra of the ternary devices 
using SMD derivatives with different terminal side chains where (b), (c) in the dark and (e), (f) under 
illumination. 
 
In addition, Figures 4.2.3b, e show the frequency-dependent real parts of the impedance of the ternary 
devices. We observed two plateaus in the low-frequency (<10 kHz) and high-frequency (>5 MHz) regions 
under both conditions. The plateau in the low-frequency region corresponded to RCT, while the high-
frequency plateau was ascribed to ROS. The RCT and ROS values obtained for all ternary devices were similar. 
As can be seen from the corresponding imaginary parts shown in Figures 4.2.3c, f, the maximum frequency 
(fmax) values in the highest virtual step impedance were nearly identical for all conditions, except for the 
SMD-Oc-based device under illumination, for which the fmax slightly shifted to lower frequencies compared 
with that in the other samples. The fmax is related to the relaxation time (τ) by fmax ∝ 1/τ; this implies that all 





Figure 4.2.4. (a) AFM topography height images (scan size 1×1 µm) and, (b) TEM images of ternary blend 
films using SMD derivatives with different terminal side chains. 
 
4.2.2.4 Film Morphology and Microstructure  
As we observed a strong morphology–performance relationship, detailed investigation of the morphology 
and molecular packing was performed using various structural characterization techniques. All of the 
ternary films exhibited similar nanostructured morphologies with a surface roughness of 1.65−1.91 nm, as 
shown by atomic force microscopy images (Figure 4.2.4a and Figure 4.2.12 of the section 4.2.5). 
Transmission electron microscopy images of the blend films (Figure 4.2.4b) also showed similar, smooth 
features with phase separation on the nanometer scale, where the bright and dark regions correspond to the 
two donors and PC71BM-rich domains, respectively. These findings showed that all ternary blends had a 
similar morphology, regardless of the type of terminal side chain of the SMD material, which is attributed 
to the good molecular compatibility between the two donors in the blend with PC71BM. The similar 
morphological characteristics of the ternary blends were further confirmed by energy dispersive X-ray 
elemental mapping and optical florescence microscopy measurements (see the section 4.2.5, Figure 4.2.13 
and 4.2.14). Note that the florescence images of the ternary films revealed a well-mixed and homogenous 
structure, while images of the binary blends (SMD:PC71BM) showed that the morphology was highly 
dependent on the SMD structure (see the section 4.2.5, Figure 4.2.15), which is consistent with the different 
performances observed for the ternary and binary OSCs. From the differential scanning calorimetry (DSC) 
(see the section 4.2.5, Figure 4.2.16), it is apparent that, during the heating/cooling cycles, all the pure 
SMDs undergo endothermic and exothermic transitions, while no such peaks are observed in all of the two 




Figure 4.2.5. (a) Circular cut profiles. (a), (c), (e), and (g) Lamellar (100) stacking. (b), (d), (f), and (h) π ̶ 
π (010) stacking obtained from GIWAXS data measured at different angle for ternary blend films using 
SMD derivatives with different terminal side chains. Inset of (a) and (b) are the corresponding stacking 
illustration diagram. 
 
Finally, we conducted grazing-incidence wide-angle X-ray scattering (GIWAXS) experiments to further 
elucidate the structural order in the ternary blend films and quantitatively characterize the depth-dependent 
structural changes in the ternary films; the experiments were performed at various incidence angles (αi) of 
0.08°, 0.12°, 0.16°, and 0.20°.16 As seen from the Figure 4.2.17 of section 4.2.5, a bimodal texture of mixed 
edge-on and face-on orientations was observed for all ternary films at all incident angles, with evident (010) 
π–π stacking and (100) lamellar d-spacing reflections along both the in-plane and out of-plane directions. 
Note that the strong edge-on (010) π–π stacking peak is present for both pure SMD and binary blend 
(SMD:PC71BM) films (Figure 4.2.18, see the section 4.2.5), indicating that the edge-on molecular 
orientation in the ternary films is mainly originated from the crystallinity of SMDs. Figure 4.2.5 shows the 
circular cut profiles of the (100) and (010) diffraction peaks, where the intensity of the azimuthal angle (χ) 
of 45°–135° was attributed to the parallel (//) π–π stacking of the substrate and χ of 0°–45° and 135°–180° 
to the perpendicular (⊥) π–π stacking and vice versa for the lamellar stacking, respectively, as shown in the 
inset slab diagram in Figures 4.2.5a, b. In all cases, the nearly identical GIWAXS data proved that all 
ternary blends had similar molecular orientation and crystallinity, independent of the depth. It is worth 
noting that as compared to ternary blend (see the section 4.2.5, Figure 4.2.19), we observed significant 
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changes in the diffraction patterns for both pure SMD and binary blend (SMD:PC71BM) films as a function 
of SMD structures (see the section 4.2.5, Figures 4.2.19, 4.2.20, and Table 4.2.12). 
 
4.2.3 Conclusion 
In conclusion, we demonstrated high-performance ternary OSCs using various SMDs with different 
terminal side chains incorporated into a PTB7-Th:PC71BM host blend. The performance of all ternary OSCs 
was obviously different from those of the SMD-based control binary OSCs and was highly independent of 
the side chains of SMD material. As a result, similar, unprecedented PCE values of 12.0%–12.2% were 
achieved for all ternary OSCs. Despite the fact that a variation in the terminal side-chain length of SMDs 
has a profound impact on both the morphology and OSC performance for the binary OSCs, the present PCE 
behavior in the ternary systems was due to good molecular compatibility between the PTB7-Th and SMD 
materials, regardless of the side-chain length of the SMDs. This was evidenced by a combination of 
electrical measurements of the internal resistance, recombination properties, and interfacial charge-transfer 
kinetics, as well as morphological characterization. This work demonstrates that the alloy-like structure 
induced by the high compatibility of donor molecules in the ternary systems can dominate any possible 
performance differences related to the side-chain engineering, contributing judicious molecular design rules 
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4.2.5. Supporting Figures and Tables 
 
 
Figure 4.2.6. (a) Normalized UV-Vis absorption of thin films of pure SMD derivatives with different 
terminal side chains. (b) Absorption coefficient of ternary films. (c) Normalized UV-Vis absorption of 
ternary blend solution (in stacked format) using SMD derivatives with different terminal side chains. (d) 











Table 4.2.2. Optical and electrochemical properties of various SMDs. 
Compounds λmax










Me 324, 507 573, 615 1.81 -5.38 -3.63 1.75 
Et 324, 507 577, 623 1.78 -5.38 -3.65 1.73 
Bu 324, 507 573, 622 1.78 -5.38 -3.65 1.73 
Hx 324, 507 573, 623 1.78 -5.37 -3.64 1.73 
Oc 324, 507 574, 623 1.78 -5.38 -3.64 1.74 
a Solutions were prepared in chloroform and the films were spin-coated on glass substrates; b determined 
from the onset of the electronic absorption spectra; c measured from thin films by cyclic voltammetry 
following the equation, EHOMO/LUMO = -4.8 - (Eox/red – Eferrocene)); dEg = ELUMO - EHOMO. 
 
Table 4.2.3. Summary of photovoltaic parameters of ternary PTB7-Th:SMD-Me:PC71BM based devices in 
chlorobenzene with different SMD-Me loading ratios. 
SMD-Me ratio JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
15% 19.9 (20.14) 0.783 (0.785) 68.31 (69.11) 10.64 (10.93) 
20% 21.0 (21.45) 0.780 (0.781) 69.10 (69.82) 11.32 (11.7) 
25% 21.83 (22.00) 0.778 (0.780) 69.90 (70.43) 11.87 (12.1) 
30% 20.14 (20.96) 0.777 (0.778) 68.93 (69.90) 10.79 (11.4) 
35% 19.31 (19.74) 0.770 (0.772) 68.63 (69.30) 10.20 (10.56) 






Table 4.2.4. Summary of photovoltaic parameters of ternary PTB7-Th:SMD-Et:PC71BM based devices in 
chlorobenzene with different SMD-Et loading ratios. 
SMD-Et ratio JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
15% 19.64 (19.96) 0.781 (0.783) 68.86 (69.40) 10.56 (10.85) 
20% 20.87 (21.38) 0.779 (0.780) 69.54 (70.15) 11.31 (11.70) 
25% 21.75 (21.95) 0.777 (0.778) 70.88 (71.44) 11.98 (12.2) 
30% 20.93 (21.37) 0.774 (0.775) 69.45 (70.02) 11.25 (11.6) 
35% 19.27 (19.95) 0.771 (0.773) 68.83 (69.57) 10.23 (10.73) 





Table 4.2.5. Summary of photovoltaic parameters of ternary PTB7-Th:SMD-Bu:PC71BM based devices in 
chlorobenzene with different SMD-Bu loading ratios. 
SMD-Bu ratio JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
15% 19.41 (19.87) 0.779 (0.780) 68.12 (68.91) 10.30 (10.68) 
20% 21.17 (21.39) 0.776 (0.778) 69.20 (69.70) 11.36 (11.6) 
25% 21.82 (21.87) 0.775 (0.776) 69.65 (70.72) 11.78 (12.0) 
30% 20.24 (20.88) 0.772 (0.773) 69.34 (70.00) 10.83 (11.3) 
35% 19.35 (19.71) 0.770 (0.771) 68.39 (69.17) 10.19 (10.51) 





Table 4.2.6. Summary of photovoltaic parameters of ternary PTB7-Th:SMD-Hx:PC71BM based devices in 
chlorobenzene with different SMD-Hx loading ratios. 
SMD-Hx ratio JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
15% 19.05 (19.6) 0.777 (0.779) 69.14 (69.71) 10.23 (10.64) 
20% 20.79 (21.29) 0.777 (0.778) 69.46 (70.03) 11.22 (11.60) 
25% 21.86 (21.90) 0.776 (0.776) 69.78 (71.20) 11.84 (12.1) 
30% 20.13 (20.95) 0.771 (0.773) 69.93 (70.38) 10.85 (11.4) 
35% 18.84 (19.32) 0.770 (0.771) 69.87 (70.14) 10.14 (10.45) 
*The data in parentheses are the highest values. 
 
 
Table 4.2.7. Summary of photovoltaic parameters of ternary PTB7-Th:SMD-Oc:PC71BM based devices in 
chlorobenzene with different SMD-Oc loading ratios. 
SMD-Oc ratio JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
15% 18.94 (19.53) 0.777 (0.778) 68.90 (69.42) 10.14 (10.55) 
20% 19.78 (21.01) 0.774 (0.776) 69.32 (69.91) 10.61 (11.4) 
25% 21.69 (21.73) 0.774 (0.775) 69.85 (71.24) 11.73 (12.0) 
30% 20.21 (20.89) 0.771 (0.772) 69.58 (70.05) 10.84 (11.3) 
35% 18.79 (19.29) 0.769 (0.770) 69.63 (69.87) 10.06 (10.38) 





Table 4.2.8. The photovoltaic parameters of binary SMD:PC71BM based devices in chlorobenzene using 
SMD derivatives with different terminal side chains. 
Terminal Side JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
SMD-Me 4.38 (5.38) 0.720 (0.808) 25.5 (27.0) 0.957 (0.999) 
SMD-Et 13.6 (14.7) 0.927 (0.939) 43.0 (44.3) 5.61 (5.97) 
SMD-Bu 14.0 (14.6) 0.959 (0.965) 37.1 (40.1) 5.03 (5.21) 
SMD-Hx 6.65 (7.08) 0.940 (0.946) 34.0 (35.5) 2.26 (2.53) 
SMD-Oc 6.09 (6.64) 0.897 (0.901) 39.6 (40.2) 2.20 (2.37) 





Figure 4.2.7. J-V characteristics of binary SMD:PC71BM based OSCs in chlorobenzene under AM 1.5G 






Table 4.2.9. Summary of photovoltaic parameters of binary SMD:PC71BM based devices optimized using, 





JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
SMD-Me 
1800 5.47 (5.83) 0.887 (0.890) 44.32 (45.50) 2.15 (2.36) 
2000 5.84 (6.19) 0. 876 (0.879) 40.04 (41.00) 2.05 (2.23) 
SMD-Et 
1800 12.93 (13.38) 0.947 (0.950) 68.34 (69.90) 8.37 (8.89) 
2000 13.27 (13.64) 0.946 (0.948) 69.87 (70.20) 8.77 (9.07) 
SMD-Bu 
1800 11.78 (12.27) 0.947 (0.950) 59.84 (60.80) 6.67 (7.09) 
2000 11.82 (12.11) 0.952 (0.954) 60.55 (61.90) 6.81 (7.15) 
SMD-Hx 
1800 11.94 (12.30) 0.931 (0.933) 49.73 (50.80) 5.53 (5.82) 
2000 12.18 (12.73) 0.932 (0.936) 53.37 (54.10) 6.06 (6.44) 
SMD-Oc 
1800 9.77 (10.28) 0.927 (0.929) 49.83 (50.40) 4.51 (4.82) 
2000 9.91 (10.44) 0.928 (0.931) 51.72 (52.70) 4.76 (5.13) 







Figure 4.2.8. Independent certification confirming a power conversion efficiency of 11.918% by Nano 




Figure 4.2.9. Scatter plot of device parameters. (a) Efficiency (ƞ), (b) JSC (Current density), (c) VOC 
(Open Circuit Voltage), and (d) Fill factor of ternary OSCs (75:25:150 wt.%) using SMD derivatives with 
different terminal side chains for 24 devices in each case. 
 
 
Figure 4.2.10. (a) Hole only. (b) Electron only mobility of ternary blend using SMD derivatives with 
different terminal side chains. 
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Table 4.2.10. Summary of mobilities for hole only and electron only ternary blend using SMD 















































Figure 4.2.11. Series and shunt resistance dependence on light intensity for ternary OSCs using SMD 













CPE-T (F) CPE-P fmax (Hz)* 
SMD-Me 
Dark 10.9 165 4.782 x10-8 0.968 3.512 ± 0.392 x105 
Illumination 9.6 18.3 2.256 x10-6 0.804 2.373 ± 0.209 x105 
SMD-Et 
Dark 9.50 159 1.597 x10-9 0.954 2.926 ± 0.335 x105 
Illumination 10.3 16.2 2.028 x10-7 0.853 2.615 ± 0.230 x105 
SMD-Bu 
Dark 7.77 188 7.478 x10-8 0.927 2.082 ± 0.212 x105 
Illumination 11.4 20.0 1.848 x10-7 0.905 2.290 ± 0.250 x105 
SMD-Hx 
Dark 10.0 164 5.641 x10-8 0.956 3.183 ± 0.398 x105 
Illumination 11.8 16.6 1.098 x10-6 0.895 2.504 ± 0.145 x105 
SMD-Oc 
Dark 8.23 164 1.320 x10-7 0.901 3.001 ± 0.399 x105 
Illumination 7.92 14.7 4.512 x10-6 0.886 1.613 ± 0.226 x105 




Figure 4.2.12. AFM topography phase images (scan size 1×1 µm) of ternary blend films using SMD 





Figure 4.2.13. Elemental mapping by EDAX analysis of ternary blend films using SMD derivatives with 
different terminal side chains. Red corresponds to Nitrogen and green to fluorine representing 
DR3TSBDT and PTB7-Th respectively. 
 
 
Figure 4.2.14. Fluorescence microscopy of the optimized ternary system using SMD derivatives with 
different terminal side chains investigated using white light ((a), (d), (g), (j), and (m)), red light ((b), (e), 




Figure 4.2.15. Fluorescence microscopy of the optimized binary system using SMD derivatives with 
different terminal side chains investigated using white light ((a), (d), (g), (j), and (m)), red light ((b), (e), 








Figure 4.2.16. Differential scanning calorimetry (DSC) curves of (a) PTB7-Th, (b) SMD-Me, (c) SMD-
Et, (d) SMD-Bu, (e) SMD-Hx, (f) SMD-Oc, (g), (h), (i), (j), and (k) binary blends of PTB7-Th:SMD 







Figure 4.2.17. GIWAXS pattern of ternary blend films using SMD derivatives with different terminal 
side chains measured at different incident angles. (a)-(e) 0.08°, (f)-(j) 0.12°, (f)-(j) 0.16°, and (f)-(j) 0.20°. 












Figure 4.2.18. GIWAXS pattern. (a)-(e) Pure SMD film. (f)-(j) Binary SMD:PC71BM film using SMD 





Figure 4.2.19. (a) In-plane. (b) Out-of-plane line cut profiles obtained from GIWAXS data of ternary 






Figure 4.2.20. (a), (c) In-plane. (b), (d) Out-of-plane line cut profiles obtained from GIWAXS data. (a), 












Table 4.2.12. Lattice parameters in out-of-plane and in-plane direction using SMD derivatives with 
different terminal side chains for ternary, pure and binary blend system. 
 In-plane Out of-plane 
Terminal Side Unit cell long axis (100) (Å
−1
) d100 (Å) Unit cell long axis (100) (Å
−1
) d100 (Å) 
Ternary Blend 
SMD-Me 0.282 22.28 0.296 21.27 
SMD-Et 0.282 22.28 0.296 21.27 
SMD-Bu 0.279 22.53 0.296 21.27 
SMD-Hx 0.279 22.52 0.296 21.27 
SMD-Oc 0.279 22.52 0.289 21.74 
Binary Blend 
SMD-Me 0.356 17.65 0.365 17.21 
SMD-Et 0.340 18.48 0.362 17.36 
SMD-Bu 0.320 19.63 0.36 17.45 
SMD-Hx 0.331 18.98 0.333 18.87 
SMD-Oc 0.318 19.76 0.325 19.33 
Pure Material 
SMD-Me 0.309 20.33 0.325 19.33 
SMD-Et 0.339 18.53 0.37 16.98 
SMD-Bu 0.326 19.26 0.341 18.42 
SMD-Hx 0.344 18.26 0.352 17.85 
SMD-Oc 0.315 19.94 0.331 18.98 
 π-π stacking cell axis (010) (Å
−1
) d010 (Å) π-π stacking cell axis (010) (Å
−1
) d010 (Å) 
Ternary blend 
SMD-Me 1.707 3.681 1.711 3.672 
SMD-Et 1.696 3.704 1.694 3.709 
SMD-Bu 1.689 3.720 1.684 3.731 
SMD-Hx 1.685 3.728 1.680 3.740 
SMD-Oc 1.692 3.713 1.676 3.749 
Pure Material 
SMD-Me 1.699 3.698   
SMD-Et 1.699 3.698   
SMD-Bu 1.696 3.704   
SMD-Hx 1.696 3.704   
SMD-Oc 1.696 3.704   




Chapter 5. Study of Material–Solvent Interaction Leading to the Evolution of 
Bimolecular Cubic Crystal  
 
In this study, we determine the solubility properties of a given ternary blend set, in which two donors 
(PTB7-Th and DR3TSBDT) and one acceptor (PC71BM) are used, in a series of solvents, and use active 
material–solvent interactions as an aid for finding suitable non-chlorinated solvents to achieve effective 
ternary OSCs based on PTB7-Th:DR3TSBDT:PC71BM. An exceptional power conversion efficiency 
(PCE) as high as 12.3% (a certified PCE of 11.94%) is obtained using the developed non-halogenated 
processing system. In-depth investigations (morphology, charge mobility, recombination dynamics, and 
OSC characteristics) uncover the underlying structure–property relationships as a function of the chosen 
non-halogenated systems. In addition, another intriguing finding of this study is the formation of a cubic 
bimolecular crystal structure of PTB7-Th:PC71BM in a non-halogenated system, which is the first such 
demonstration in blend films. This sheds light upon the fact that the physical properties of a material applied 
from different solutions may surpass the variation in the properties between two material having totally 
different molecular structure. Therefore, this work not only offers important scientific insights into 
developing highly efficient and eco-friendly OSCs but also improves our understanding of achievable 
bimolecular crystals with an intercalated structure. 
Chapter 5 is reproduced in part with permission of “Cubic-Like Bimolecular Crystal Evolution and Over 
12% Efficiency in Halogen-Free Ternary Solar Cells” from Kumari T. et al. Adv. Funct. Mater. 2018, 28, 






In principle, a high-performance bulk-heterojunction organic solar cell (OSC) system requires finely 
interpenetrating phase-separated domains between the donor and the acceptor, which enable a large specific 
inner surface area to effectively split excitons and provide bi-continuous pathways for efficient charge 
carrier transport.1 The choice of processing solvents and additives plays a vital role in producing such an 
ideal morphology in the blended thin films,2 since they not only affect the thermodynamic interactions 
between the donor and the acceptor but also cause differences in kinetic parameters such as the rate of 
solvent evaporation, boiling point, and solubility during the film formation process.3 At present, the 
fabrication of the most state-of-the-art OSCs involves the use of halogenated (typically chlorinated) 
solvents and/or additives that are toxic, environmentally hazardous, or incompatible with roll-to-roll 
processing under ambient conditions, all of which prevent their mass deployment. Although many 
researchers have recently devoted great effort to developing OSCs processed by more environment-friendly 
solvents, very limited success has been achieved.4 Moreover, the body of knowledge relating to the active 
material–solvent interactions within the field of OSCs remains scarce,3d, 5 and thus, establishing a better 
understanding of the structure–performance correlation for halogen-free processing systems has become an 
urgent task for advancing to environmentally friendly ink formulations for OSCs.2f, 6 
It is widely recognized that the solvent quality is a critical parameter influencing the chain conformation of 
materials and the statistical distribution of their segments in “solution,” which is due to the difference in 
material–solvent interactions.3a, 7 Even more meaningful is the fact that the memory of certain 
conformations in the solution is somehow preserved through the film-forming process, leading to different 
underlying chain packing morphologies in the films.1a, 7b, 8  
Therefore, in addition to considering whether the solubilities of all active components are high enough, the 
interactions between the solvents and materials should be quantified, which enables rational selection of 
environmentally friendly processing solvents and subsequent achievement of the best morphology and OSC 
performance using non-halogenated solvents. 
Recently, we demonstrated high-performance ternary OSCs comprising two benzo[1,2-b;4,5-
b']dithiophene-based donors (PTB7-Th polymer and DR3TSBDT small molecule) and a [6,6]-phenyl-C71-
butyric acid methyl ester (PC71BM) acceptor, by using chlorobenzene (CB) and 1,8-diiodooctane (DIO), a 
commonly used solvent  ̶additive pair.1d Our ongoing high interest in the environment-friendly processing 
of OSCs and the successful example of ternary OSCs based on PTB7-Th:DR3TSBDT:PC71BM prompted 
us to investigate high-efficiency ternary OSCs prepared without using halogenated solvents and additives. 
In this contribution, as the first step of the journey toward achieving our goal of halogen-free OSC 
processing, we not only analyze the solubility properties of the three active components in various sol-vents 
but also characterize the interactions between the potential non-halogenated solvents and each active 
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component. An outstanding power conversion efficiency (PCE) of 12.3%, is achieved for OSCs based on 
non-halogenated solvent/additive combinations, outperforming the OSCs using the aforementioned 
CB/DIO pair. In addition, we discover a cubic bimolecular crystal of amorphous PTB7-Th:PC71BM with 
an intercalated structure beyond that achievable using the previous halogenated solvent/additive system. 
 
5.2 Results and Discussion 
Figure 5.1a presents the chemical structures of PTB7-Th, DR3TSBDT, and PC71BM used in the ternary 
device, together with a schematic illustration of the film morphologies (Figure 5.1b) with different non-
chlorinated processing solvents, as identified by the various characterization techniques below. 
 
 
Figure 5.1. (a) Chemical structures of PTB7-Th, DR3TSBDT, and PC71BM. (b) Illustration of the active 
layer of the ternary device. (c) The 3-D plots of good and bad solvents versus δD, δP, and δH as well as the 
Hansen Solubility Parameters for PTB7-Th, DR3TSBDT, and PC71BM calculated using sphere fit program 
written in MATLAB. 
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5.2.1 Active Material–Solvent Interactions 
a. Hansen Solubility Parameters 
We quantified the solubility of PTB7-Th, DR3TSBDT, and PC71BM in various solvents at room 
temperature. First, a set of standard absorption spectra were taken for each active material in CB at certain 
concentrations and the absorbance was plotted against the concentration (see the section 5.5, for supporting 
texts and Figures 5.7 ̶ 5.9). Next, the solubility values of each active material in different solvents were 
analyzed by comparing the absorbances with the corresponding standard linear fit curves, which are 
summarized in the section 5.5, Table 5.2. Based on the estimated solubility values, toluene (TOL), o-xylene 
(OXY), and mesitylene (MES) were chosen as the proper non-chlorinated solvents for our ternary sys-tem 
since they can well dissolve both PTB7-Th (>12 mg mL-1) and PC71BM (>20 mg mL-1) with moderate 
solubility for DR3TSBDT (>3.4 mg mL-1), being necessary to enable the fabrication of the best-performing 
ternary system (PTB7-Th:DR3TSBDT:PC71BM = 75:25:150 wt.%) as demonstrated in our previous work. 
Details of the solubility experiments are provided in the Supporting. 
Furthermore, we employed Hansen solubility parameters (HSPs)9 to quantify the interaction between 
processing solvents and the three active components. The HSPs comprise three parameters: δD (energy 
from dispersion forces), δP (energy from dipolar intermolecular forces), and δH (energy from hydrogen 
bonding). The total Hildebrand parameter (δ) is defined according to Eq. 15, 9a as the square root of the 
cohesion energy density. 
δ2 = δ2D+δ2P+δ2H                                                                                                                                        (1)                                                                
By using a sphere fit program written in MATLAB, as detailed in the supporting texts of section 5.5, the 
solubility parameters can be visualized in 2-D and 3-D coordinate systems with δD, δP, and δH axes. The 
derived HSP locations and solubility spheres of PTB7-Th, DR3TSBDT, and PC71BM are presented in 
Figure 5.1c and Figures 5.10 ̶ 5.12 (see the section 5.5), respectively. The interactions between the solvent 
and the active materials can be discerned from their HSP locations. The radius of the sphere (R0) indicates 
the maximum difference for solubility.5, 9a A sol-vent with an HSP located within the solubility sphere of a 
material shows good solvation (solubility >2 mg mL-1) of the material. A closer HSP location between the 
solvent and the material results in greater solubility and a larger interaction strength. The fitted solubility 
parameters, δD, δP, and δH, for PTB7-Th are 18.60, 2.56, and 5.71; for DR3TSBDT are 19.95, 3.09, and 
5.89; and for PC71BM are 19.88, 2.85, and 6.00 MPa1/2, respectively.  
 
b. Relative Energy Difference 
The relative energy difference (RED) between two materials is defined by Eq. 27a, 9a and acts as a measure 
of the tendency for two materials to dissolve each other, where the radius of interaction (Ra) is the distance 
between their coordinates in Hansen space (see the Supporting texts of section 5.5 for details). 
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RED=Ra/R0                                                                                                                                                   (2)  
Good solvents have an RED value smaller than 1, indicating a high affinity for one another, whereas bad 
solvents have a value larger than 1, suggesting a decreased affinity for each other. 
The HSP and RED values of the active materials in the selected solvents for this study are given in Figure 
5.2a and summarized in the section 5.5, Table 5.3. The RED values clearly suggest that both TOL and OXY 
have sufficient affinity for dissolving all three components compared to MES, which has RED values 
greater than 1.1 for DR3TSBDT and PC71BM and 0.8 for PTB7-Th, suggesting the possibility of strong 
phase separation due to the different affinity. 
 
 
Figure 5.2. (a) The relative energy difference (RED). (b) Chi parameters calculated using Hansen solubility 
parameters for PTB7-Th, DR3TSBDT, and PC71BM in TOL, OXY, and MES. 
 
c. Flory–Huggins Interaction Parameter 
Additionally, we calculated the Flory–Huggins interaction parameter (χ)7c-f, 8b, 9a, 10 (Figure 5.2b and Table 
S2), which is a relatively good predictor for thermodynamic miscibility. A low χ means a good sol-vent, 
and χ equal to 0.5 represents the theta state (θ), wherein the interactions disappear in the component pairs. 
The equations used for calculation are provided in the Supporting. The χ values for the three active materials 
in all tested solvents are below 0.5, except for PC71BM and DR3TSBDT in MES, where χ is greater than 
0.6. On the basis of the χ values, one can conclude that there are very different interactions in PC71BM  ̶
MES and DR3TSBDT ̶ MES pairs, in which severe phase separation compared to other systems will most 
likely occur. This is a possible reason for the unexpected formation of a cubic crystal in the blend systems 




5.2.2 Optical Properties  
Although changing the solvents of neat PTB7-Th and DR3TSBDT solutions did not alter their absorption 
significantly, the ternary blending films (PTB7-Th:DR3TSBDT:PC71BM = 75:25:150 wt.%) were 
considerably different depending on the chosen non-chlorinated solvents (see the section 5.5, Figure 5.13). 
For example, similar to the CB/DIO-cast films in our previous study, the ternary films by using either TOL 
or OXY exhibited high and uniform absorption intensities in the whole range of 300 ̶ 800 nm.1d However, 
in the case of MES-cast films, the absorption intensities from 300 to 600 nm, originating from the combined 
absorption characteristics of the DR3TSBDT and PC71BM chromophores, decreased significantly, together 
with a slight increase in the maximum ab-sorption of PTB7-Th at 704 nm. This observation supports the 
existence of the solvent-dependent interaction mentioned above. In addition, the photoluminescence 
emissions of the neat PTB7-Th:DR3TSBDT solutions were quenched significantly upon blending with 
PC71BM regardless of the solvent (see the section 5.5, Figure 5.14), confirming that proficient charge 
transfer occurs in all of the ternary films.11 
 
5.2.3 Photovoltaic Performance  
The photovoltaic performance of OSCs fabricated with different solvents (TOL, OXY, and MES) was 
evaluated in a conventional architecture of indium-tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/active layer/Al under simulated AM 1.5G 
irradiation (100 mW cm-2). We kept the previously optimized ratio of PTB7-Th:DR3TSBDT:PC71BM 
(75:25:150 wt.%), but used N-methyl pyrrolidone (NMP) as a halogen-free additive instead of DIO to 
optimize the morphology of the active layer. In addition to the requirement that the final OSC production 
process involves no toxic solvents, the selection of NMP was due to its high boiling point and selective 
solubility for PC71BM, as confirmed by our solubility tests (see the section 5.5, Table 5.2). Photovoltaic 
devices with different amounts of NMP were evaluated. 
The representative current density–voltage (J–V) characteristics of the best ternary OSCs are shown in 
Figure 5.3a, and the corresponding device parameters are summarized in Table 5.1 (see the section 5.5, 
Tables 5.4-5.5 for other data tested under different conditions). The TOL-processed ternary OSCs with 
NMP exhibited a remarkably high PCE of up to 11.8%; more surprisingly, the OXY-processed ones with 
optimal NMP delivered an even superior PCE of 12.3% (average PCE = 11.75 ± 0.55%), with a short-
circuit current density (JSC) of 21.7 ± 0.80 mA cm-2, an open-circuit voltage (VOC) of 0.779 ± 0.002 V, and 
a fill factor (FF) of 69.5 ± 1.2 %. This is comparable to the highest PCEs reported to date for OSCs 
processed from non-halogenated solvents.12 One of the best OSCs was sent to an independent solar cell 
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calibration laboratory (Nano Convergence Practical Application Center, South Korea) for certification, 
which confirmed a PCE of 11.942% (see the section 5.5, Figure 5.15).  
 
 
Figure 5.3. (a) J–V characteristics of ternary OSCs under AM 1.5G irradiation at 100 mW cm-2. (b) The 
corresponding EQE curves. (c) Dependence of current density (JSC) and (d) open-circuit voltage (VOC) on 
light intensity of OSCs processed in TOL, OXY, and MES. 
 




VOC (V) FF (%) PCE (%) RS (Ω) RSH (Ω) 
TOL 2.0 vol% 
21.31 
(22.3) 







OXY 2.25 vol% 
21.70 
(22.5) 







MES 0.75 vol% 
9.69 
(10.30) 







*Average values obtained from at least 25 devices. The data in parentheses are the highest values. 
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On the other hand, the ternary OSCs prepared using MES showed a much poorer performance of 4.57%, 
highlighting the marked impact of the chosen processing solvents on OSC performance. As shown in Figure 
5.3b, the external quantum efficiencies (EQEs) of both TOL- and OXY-processed devices clearly revealed 
far better photo responses from 300 to 800 nm than those of MES-processed devices. This behavior is 
similar to that observed in the above absorption spectra of the ternary blending films with different solvents. 
Therefore, one can conclude that a properly chosen processing solvent is a key to realize controllable 
interactions between the solvent and the active components to achieve an optimal blending film 
morphology. 
 
5.2.4 Carrier Transport and Recombination Dynamics  
To unveil the role played by choice of the processing solvents in governing photovoltaic properties of the 
OSCs, we characterized the charge transport properties and recombination dynamics. First, the charge 
carrier mobilities of the hole- and electron-only devices were estimated using a space charge-limited curve 
(SCLC)13 (see the section 5.5, Figure 5.16 and Table 5.6). The hole and electron mobilities were found to 
be similar for the two films processed from TOL and OXY, but much higher than those of the film processed 
from MES. Higher and more balanced mobility values imply better percolation pathways for the charge 
carriers, most likely due to the optimized morphology, which will be discussed later. In addition, this should 
be an important reason for the higher JSC and FF values of both TOL- and OXY-processed devices. 
Second, we analyzed the dependence of J–V characteristics of the devices on light intensity (I). In principle, 
JSC has a power-law dependence on I (JSC∝Iα), where the bimolecular recombination should be minimum 
(α ≈ 1) for maximum carrier sweep out.14 As shown in Figure 5.3c, the log–log scale fitting of the data 
yielded α = 0.96–1.00 for all devices, suggesting that the bimolecular recombination loss is minor for all 
devices. Next, we analyzed the slope of VOC versus ln(I), reflecting the nature of the monomolecular 
recombination15 (Figure 5.3d). The slopes of kT/q are 1.85, 1.73, and 2.00 for TOL-, OXY-, and MES-
processed films, respectively, where k is Boltzmann’s constant, T is the temperature, and q is the elementary 
charge. Collectively, the above results suggest that the monomolecular recombination process is 
predominantly involved in all devices. In particular, the MES-processed device had a higher 
monomolecular recombination probability with the highest slope of kT/q, which could be due to the 
presence of severe phase separation.  
 
5.2.5 Film Morphology and Microstructure  
The influence of the processing solvents on the morphology and microstructure of the blend films was 
further studied by a combination of techniques, including fluorescence microscopy, high-resolution 
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transmission electron microscopy (HR-TEM), atomic force microscopy (AFM), energy-dispersive X-ray 
analysis (EDAX), and grazing incidence wide-angle X-ray scattering (GIWAXS).  
 
 
Figure 5.4. HR-TEM images. (a) In TOL. (b) In OXY. (c) In MES. (d) A zoomed view of the cubic crystal 
observed in MES, where the background is from the center of the crystal and the highlighted area is from 
the interface. Inset images (bottom right) in each figure are the corresponding diffractograms. 
 
As shown in the Figure 5.17 of section 5.5, in the full excitation scan, the fluorescence microscopy images 
for the blend films processed from both TOL and OXY showed a featureless finely structured intermix, 
whereas the film processed from MES exhibited large dark bulk clusters of a cubic crystal structure, as 
clearly visualized by scanning electron microscopy (SEM) (see the section 5.5, Figure 5.18). To further 
analyze such crystal structures, the red, green, and blue channels were also recorded using appropriate 
excitation filters (~639 nm, ~555 nm, and ~488 nm, respectively), which produced similar phenomena as 
that observed in full light. Figure 5.4 shows the HR-TEM images of films cast with different solvents. All 
films presented a fibril morphology and exhibited phase separation on the nanometer scale, which was also 
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observed in both the topography and phase AFM images (see the section 5.5, Figure 5.19). Note that the 
cubic crystals were also pre-sent in the TEM image of the MES-processed film, which is consistent with 
the SEM image above. 
 
 
Figure 5.5. Elemental mapping by EDAX analysis along with STEM images of ternary blends. (a) In TOL. 
(b) In OXY. (c) In MES. Nitrogen and fluorine represent DR3TSBDT and PTB7-Th, respectively, and 
sulfur indicates the absence of PC71BM. 
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The morphological differences induced by processing solvents were further supported by EDAX elemental 
mapping, where red, green, blue, and pink indicate nitrogen, fluoride, sulfur, and carbon signals, 
respectively, as shown in Figure 5.5. The elemental analysis of both TOL- and OXY-processed films clearly 
revealed well-dispersed dots with a homogenous distribution throughout the whole area, whereas the MES-
processed film showed highly pink cubic crystals. This implies that the crystal is mainly composed of 
PC71BM crystallites in which some PTB7-Th chains are embedded into the PC71BM domains, as evidenced 
by the green and blue dots within the crystal. 
In addition, the surface energy of PTB7-Th is 23.76 mJ m-2, which is far closer to that of PC71BM (23.75 
mJ m-2) than that of DR3TSBDT (28.38 mJ m-2) (see the section 5.5, Figure 5.20). This fact explains how 
PTB7-Th molecules can be easily located in the PC71BM domains, well supporting the above observation 
by EDAX. This was further evidenced by optical microscopy images of the pure and binary films of 
PC71BM with either PTB7-Th or DR3TSBDT (see the section 5.5, Figure 5.21), where such a crystal is 
only observed in PTB7-Th:PC71BM. We also investigated the effect of the NMP additive on the formation 
of the crystals in MES-processed films. For all the cases, the similar crystals were observed, implying that 
they are independent of the presence of NMP in the MES films (see the section 5.5, Figure 5.22). Note also 
that in order to obtain a complete picture of the bimolecular crystal structure in the solid state via single 
crystal X-ray diffraction study, unfortunately, it is difficult to separate the pure cubic-like crystal in powder 
state. This is due to the presence of the amorphous PTB7-Th and PC71BM fractions in the solution (see the 
section 5.5, Figure 5.23). 
For both TOL- and OXY-based processing systems, the GIWAXS patterns exhibited a similar bimodal 
texture of mixed edge-on and face-on orientations, with (100) lamellar and (010) π–π stacking peaks in both 
out-of-plane and in-plane directions (see Figure 5.6a and the section 5.5, Table 5.7 for the corresponding 
lattice parameters), which is quite similar to what was previously observed in the CB/DIO-based processing 
system.1d However, the GIWAXS patterns of the MES-processed films were significantly different due to 
the presence of the cubic crystals; as shown in Figure 5.6b, for the given MES-processed film sample, in 
addition to the broad (100) and (010) peaks, many scattering spots with irregular spacing were found in the 
GIWAXS image, and several distinct narrow peaks in the line-cut profiles were found in both out-of-plane 
and in-plane directions. Note that we clearly observed a strong and sharp peak at ~1.4 Å-1 as-signed to 
PC71BM in the in-plane direction, reflecting the favored perpendicular orientation relative to the substrate. 
Additionally, we calculated the crystallite correlation length (CCL) of PC71BM lattice planes along the in-
plane axis by using Debye Scherrer’s equation.16 Both TOL- and OXY-processed films had nearly similar 
small CCL values in the range 7 ̶ 8 nm, whereas a very large CCL of 230 nm was obtained in the MES-
processed film (see the section 5.5, Figure 5.24). To further clarify the crystals, we also measured GIWAXS 
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for the substrate side of the MES-processed film by using a float-off technique. The detailed process is 
given in the Methods and graphical illustration (see the section 5.5, Figure 5.25). 
 
 
Figure 5.6. (a) GIWAXS pattern for ternary systems. (b) Out-of-plane and in-plane line cut profiles 
obtained from GIWAXS data processed in TOL, OXY, and MES. Insets in the line cuts are exemplary 
curve fittings in the corresponding higher q region. In MES, the surface and substrate sides of the films are 
exposed to beamline for in-depth analysis of the formed cubic structure throughout the volume. Different 
color bars represent intensity variance. 
 
Compared to the surface-side measurement, the peak patterns of the substrate side showed some similarity, 
but the intensities of the narrow peaks assigned to the crystals were very different. Although as-signing the 
lattice structure of the crystals is difficult at this point in time, based on all the above results, one can 
conclude that PTB7-Th:PC71BM intercalating bimolecular crystals with an anisotropic lattice are grown on 
the MES-processed films.17 We also envisage that the low performance is likely due to the intermolecular 
deconstruction between the bimolecular crystals (see Supporting Figure S11 and S15), leading to the 
inefficient charge transfer, and ultimately low FF and JSC values. However, the size and thickness of the 
bimolecular crystals can be controllable by the kinetics of crystal growth process. This maybe create a new 
possibility of increased polymer-chain-mobility within thick nanocomposite thin-films, due to a 
combination of the increased connectivity and anisotropic lattice structure. Therefore, such features can 
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In summary, we undertook an investigation to find a suitable non-chlorinated processing system for 
efficient ternary OSCs based on PTB7-Th:DR3TSBDT:PC71BM by determining the solubility properties 
of the active materials in various solvents and active material–solvent interactions. On the basis of these 
results, we successfully developed ternary OSCs processed from OXY having a high PCE of 12.3% (a 
certified PCE of 11.94%), which exceeds the record PCE of OSCs using a CB/DIO pair previously 
demonstrated by our group. The effects of non-halogenated solvents on the morphology, charge mobility, 
recombination dynamics, and OSC performance have been thoroughly studied. Another interesting point 
that this study uncovered is that the MES-based blend film shows a cubic-like bimolecular crystal structure 
of PTB7-Th:PC71BM, although it has a negative effect on OSC performance. This study can inspire the 
community in the quest to further improve the performance of eco-friendly OSCs and to advance 
understanding of the solvent-dependent bimolecular crystal growth mechanism in blend systems. 
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5.5 Supporting Texts and Figures 
Solubility Measurement 
The solubility’s of PTB7-Th, DR3TSBDT and PC71BM in various solvents were measured optically. First, 
a set of standard absorption spectra were taken for PTB7-Th, DR3TSBDT and PC71BM in chlorobenzene 
(CB) at known concentrations and diluted with 100 to 10,000 volumes of CB in order to achieve an optical 
density suitable for absorption measurement (SI Figs. S1a, S2a, and S3a respectively).[4] The optical density 
of PTB7-Th (at 704 nm) and DR3TSBDT (at 505 nm) solutions exhibit a linear relationship with 
concentration between 1.05 - 21 µg mL-1 (SI Figs. S1b and S2b respectively) and PC71BM (at 463 nm) 
solutions shows a linear relationship with concentration between 2.1 - 42 µg mL-1 (SI Fig. S3b).  
Secondly, for determining solubility in various solvents, solutions were prepared by mixing 14 mg mL-1 of 
solid material in case of PTB7-Th or DR3TSBDT and 21 mg mL-1 of solid material in case of PC71BM with 
a small volume (200 μL) of each test solvent. It was followed by stirring for 15 minutes and then allowed 
to stand for at least 6 hours at room temperature. It should be noted that the maximum concentrations in mg 
mL-1 for each material are chosen as per our device fabrication conditions. The saturated solutions were 
then diluted in same ratio as the standard solutions. The optical density of the diluted solutions are measured 
and their solubility was calculated using the slope of linearly fitted graphs (SI Figs. S1b, S2b, and S3b) of 
standard curves with known concentrations. 
 
2-D and 3-D plots in Hansen space.  
The solubility parameters for PTB7-Th, DR3TSBDT and PC71BM were calculated with the help of 
MATLAB programming. The solvating power of each solvent was ranked as 1 (> 2 mg mL-1) and 0 (< 2 
mg mL-1). Using MATLAB programming, all the good points (1s) and the bad points (0s) were stored in 
separate matrix and their plots versus δD, δP, and δH in 2-D and 3-D spaces were plotted. Next, for fitting 
spheres through good solvents points, sphere-fit algorithm[5] was written in MATLAB. Since the best fit of 
sphere through number (≥ 4) of δD, δP, and δH data points were needed to be done therefore, the written 
algorithm fits the sphere through set of data using least square method (LSM).[6] The written program 
returns the center and radius of the best fitted sphere after minimizing its distance from each points in 3-D 
space. Using this center and radius, best fit sphere (called LSM sphere) for PTB7-Th, DR3TSBDT and 
PC71BM were plotted (inner purple color sphere in 3-D plots). To fit all the good points inside or on the 
sphere, second sphere (called modified LSM) is plotted (outer pink color sphere in 3-D plots) such that all 
the good points are either inside or on the surface of the sphere while the center remain unchanged (to be 
noted). To clearly visualize the modified LSM sphere fit, 2-D plots of good solvent points versus (δD δP), 
(δP δH), and (δH δD) are also demonstrated with circle fit using the center and radius from the modified 
LSM. Figure 1c contains RED value calculated from the radius of the modified LSM data as the modified 
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LSM sphere encloses all the good data points and the radius predicted is the maximum radius for the given 
set of solvent data in each material case. For RED calculation, the radius of interaction, Ra is calculated 
using the following equation:[7] 
 
[(Ra)]2 = [4(δD1 - δD2)]2 + [(δP1 - δP2)]2 + [(δH1 - δH2)]2 
 
Where, the radius of interaction (Ra) for two substances with Hansen parameters (δDi, δPi, δHi) is defined 
as the distance between their coordinates in Hansen space as above and is the ability of one substance to 
dissolve another. 
In order to calculate the polymer-solvent interaction parameter χ using the HSP,[7] the following equations 
for χ12 have been used: 
 
χ12 = V*A12/RT 
 
Where, A12 = [(δD1 - δD2)]2 + 0.25[(δP1 - δP2)]2 + 0.25[(δH1 - δH2)]2, V is the molar volume of the solvent 
(see SI Table S1). 
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Figure 5.7. (a) Reference U-V Vis. absorbance for PTB7-Th taken at various known concentrations. (b) 







Figure 5.8. (a) Reference U-V Vis. absorbance for DR3TSBDT taken at various known concentrations. (b) 





Figure 5.9. (a) Reference U-V Vis. absorbance for PC71BM taken at various known concentrations. (b) The 
linear fit for PC71BM at the absorption maximum (463 nm). 
 
Table 5.2. Room temperature solubility of PTB7-Th, DR3TSBDT, and PC71BM in different solvents along 
with some thermodynamic properties. 


















20.2 4.2 3.2 125.5 213 0.29 13.5±0.47 >14.0 >21.0 
o-Dichlorobenzene 19.2 6.3 3.3 113 180.42 1.38 >14.0 10.32±0.36 >21.0 
Chlorobenzene 19 4.3 2 102.1 131.72 12.01 >14.0 >14.0 >21.0 
Mesitylene 18 0.6 0.6 139.5 164.74 2.39 10.5±0.47 3.41±0.36 >21.0 
Acetone 15.5 10.4 7 73.8 56.29 231.79 0 0 0 
Chloroform 17.8 3.1 5.7 80.5 61.18 194.68 >14.0 >14.0 >21.0 
Ethanol 15.8 8.8 
19.
4 
58.6 78.29 59.15 0 0 0 



























77.4 152 3.68 0 0 1.75±0.58 
Tetrahydrofuran 
(THF) 
16.8 5.7 8 81.9 65.97 180.98 >14.0 6.31±0.36 4.46±0.58 
Hexane 14.9 0 0 131.4 68.73 151.35 < 0.1 0 0 
N-Methyl-2-
Pyrrolidone (NMP) 
18 12.3 7.2 96.6 204.27 0.09 0 < 0.1 >21.0 
Thiophene 18.9 2.4 7.8 79.5 84.16 79.81 >14.0 12.64±0.36 
15.18±0.5
8 
Methanol 14.7 12.3 
22.
3 
40.6 64.7 127.74 0 0 0 
Water 15.5 16 
42.
3 
18 100 21.8 0 0 0 
Cyclohexanol 17.4 4.1 
13.
5 
105.7 160.85 0.91 0 0 0 
Aniline 20.1 5.8 
11.
2 
91.6 184 0.6 0 11.77±0.36 >21.0 
Bromobenzene 19.2 5.5 4.1 105.6 156.09 4.14 >14.0 12.29±0.36 >21.0 





Figure 5.10. The 2-D plots of good and bad solvents versus δD, δP, and δH as well as the Hansen Solubility 




Figure 5.11. The 2-D plots of good and bad solvents versus δD, δP, and δH as well as the Hansen Solubility 




Figure 5.12. The 2-D plots of good and bad solvents versus δD, δP, and δH as well as the Hansen Solubility 







Table 5.3. RED and χ values of PTB7-Th, DR3TSBDT, and PC71BM in TOL, OXY, and MES. 
Solvent Material 
RED 





OXY 0.525 0.144 




OXY 0.900 0.377 




OXY 0.879 0.356 





Figure 5.13. U-V Vis. absorption of (a) neat PTB7-Th and DR3TSBDT solutions, and (b) ternary blend 







Figure 5.14. Photoluminescence spectra of pure DR3TSBDT, PTB7-Th, and ternary blend (25 wt.%). (a) 
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Table 5.5. The photovoltaic parameters of binary PTB7-Th:PC71BM and DR3TSBDT:PC71BM based 
devices in TOL, OXY, and MES. 
Solvents Binary System NMP 
JSC 
(mA cm-2) 
VOC (V) FF (%) PCE (%) 
TOL PTB7-Th:PC71BM 2.0 vol% 17.8 (19.0) 0.799 (0.812) 65.8 (66.2) 9.52 (10.0) 
TOL DR3TSBDT:PC71BM 2.0 vol% 13.4 (14.8) 0.921 (0.942) 41.6 (45.8) 5.68 (5.78) 
OXY PTB7-Th:PC71BM 2.25 vol% 18.2 (19.1) 0.790 (0.802) 65.4 (66.9) 9.64 (10.1) 
OXY DR3TSBDT:PC71BM 2.25 vol% 12.4 (13.7) 0.937 (0.938) 45.8 (47.0) 5.76 (5.99) 
MES PTB7-Th:PC71BM 0.75 Vol% 13.8 (14.4) 0.791 (0.801) 38.0 (38.4) 4.12 (4.44) 
MES DR3TSBDT:PC71BM 0.75 Vol% × × × × 
Note: Binary device of DR3TSBDT:PC71BM processed in mesitylene cannot be measured due to large aggregation and non-














Figure 5.15. Independent certification confirming a power conversion efficiency of 11.94% by Nano 





Figure 5.16. (a) Hole only. (b) Electron only mobility of ternary blend (25 wt.%) active layer in TOL, 
OXY, and MES. 
 
 
Table 5.6. Summary of mobilities for hole only and electron only ternary blend (25 wt.%) active layer and 





















) µh/µe Jcal from EQE 
TOL 2.02 0.897 2.25 19.87 
OXY 2.25 1.01 2.23 20.35 








Figure 5.17. Fluorescence microscopy of the optimized ternary system (25 wt.%) thin film investigated 
using white light ((a), (e), and (i)), red light ((b), (f), and (j)), green light ((c), (g), and (k)), and blue light 
((d), (h), and (l)).  (a),(b),(c), and (d) in TOL. (e), (f), (g), and (h) in OXY. (i), (j) (k) (l) in MES. Scale bar 











Figure 5.18. SEM images. (a), (b), (c), and (d) are the view of cubic bimolecular crystal observed in MES 
at different resolution scale. Highlighted area in each figure refers to the subsequent zoomed imaging 










Figure 5.19. AFM topography images (scan size 1×1 mm). AFM Height images (a) in TOL. (b) In OXY. 
(c) In MES. Phase images (d) in TOL. (e) In OXY. (f) In MES. Inset 3-D height Images respectively. 





Figure 5.20. Surface energy measurement. Photographs of the drop of water on the surface of (a) PTB7-
Th, (b) PC71BM, and (c) DR3TSBDT films on a glass substrate along with the calculated surface energy 




Figure 5.21. Optical microscopy of the pure (a) PTB7-Th (b) PC71BM (c) DR3TSBDT as well as optimized 
binary systems (d) PTB7-Th:PC71BM (e) DR3TSBDT:PC71BM thin film in MES. Scale bar is 50 µm (inset 






Figure 5.22. Optical microscopy of the binary PTB7-Th:PC71BM (a), (c), (e), (g) and ternary systems 
PTB7-Th:DR3TSBDT:PC71BM (25 wt.%) (b), (d), (f), (h) thin films in MES processed with different Vol. 




Figure 5.23. SEM images of bimolecular cubic crystals taken in powder states at various location. It should 
be noted that on filtering the solution non homogeneous mixture of cubic crystal and amorphous PTB7-Th 
and PC71BM is obtained. 
 
Table 5.7. Lattice parameters in out-of-plane and in-plane direction for ternary system processed in TOL, 
OXY, and MES. 
Solvent Beamline exposure direction q100 (Å-1) d100 (Å) q010 (Å-1) d100 (Å) 
Out-of-plane 
TOL Surface side exposed 0.320 19.63 1.71 3.674 
OXY Surface side exposed 0.301 20.87 1.71 3.674 
MES Surface side exposed 0.295 21.30 1.73 3.631 
MES Substrate side exposed 0.297 21.16 1.74 3.611 
In-plane 
TOL Surface side exposed 0.312 20.14 1.64 3.831 
OXY Surface side exposed 0.306 20.53 1.71 3.674 
MES Surface side exposed 0.310 20.27 1.78 3.530 





Figure 5.24. Crystallite coherence length (LCs) of PC71BM along the in-plane direction obtained from the 












Chapter 6. Incorporation of Ferroelectric Additives Enhances Built-in Electric 
Field for Higher Efficiency in BHJ Solar Cells 
 
In principle, an internal electric field induced by ferroelectric materials directly can affect the photovoltaic 
properties, though it is still seeking to develop the complete mechanistic understanding. Here, we show that 
locally built-in electric field can be ensured by introducing ferroelectric additives (P1, P2, P3, and P4) into 
an active layer of organic solar cells (OSCs). The use of o-xylene (good solvent for the active components 
yet anti solvent for the ferroelectric additives)/N-methylpyrrolidone (their inverse solubility trend) pair 
induces recrystallization of the ferroelectric additives into the active layer matrix, enabling to create the 
ferroelectric polarization without poling process. The P2-processed OSC exhibits a best performance with 
efficiency up to 11.02%. A comparative study exploring the role of the ferroelectric polarization 
surrounding the active layer matrix is performed by a series of structural, electrical, and morphological 
techniques, shedding light on the underlying understanding of the ferroelectric polarization’s effects on 
OSCs. The use of the ferroelectric additives discovered in this study should be widely to percolate into 
related organic semiconductor fields, beyond sole consideration of its efficiency enhancement. 
 
Chapter 6 is the completed work from the manuscript “Incorporation of Ferroelectric Additives enhances 




Ferroelectric materialsthat feature a spontaneous electric polarization, so-called ferroelectricity, that can 
be switched by external electric field, have remained one of the most fascinating areas of modern.1 Organic 
solar cells (OSCs) coverts the absorbed photon into electrical charges by forming a potential across 
heterojunction to separate holes and electrons apart. After the exciton dissociation on charge transfer states 
(CTS) at the donor/acceptor (D/A) interface, the fate of electron-hole pairs is mainly governed by the 
competing processes of charge collection and recombination. The photo-generated charge carriers are 
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separated by the internal electric field of the p–n junction and thus, collected by the respective electrodes.2 
The strengthening of the internal (built-in) electric field by doping with ferroelectric materials is one of the 
innovative approach to quickly separate the charges prior to recombination for achieving efficient solar 
cells. 
In particular, the discovery of ferroelectric phenomenon in organic polymers in early 1970s has electrified 
astounding research interests in these soft materials with appealing physical properties, giving rise to a 
plethora of applications ranging from transistors and sensors to to several other information technology 
devices,3 which soon captured rapid attention from the worldwide research communities leading to the 
discovery of a number of ferroelectric polymers beyond the PVDF homopolymer, such as PVDF-based 
grafted copolymers, terpolymers.4 Since then, as boosted by the ever-increasing demand for state-of-the-art 
energy technologies, recent attempts have been made to utilize the built-in electric field provided by the 
electric polarization of a ferroelectric polymer to improve the PCE in OSCs.5, 1d, 1e For example, Huang et 
al. incorporated a thin interfacial layer of poled ferroelectric poly(vinylidene fluoride-trifluoroethylene) 
(PVDF-TrFE) at electrode interface to generate an extra electric field in the active layer, demonstrating an 
increase in PCE of OSCs after polling the PVDF-TrFE layer by applying a large voltage pulse on the 
electrode.1d More recently, by mixing a small amount of PVDF-TrFE polymer into the active layer, 
Chaudhary et al. enhanced the charge collection efficiency and achieved a very high internal quantum 
efficiency of 100%, consequently leading to improved device performance.1e Nonetheless, the former 
method has limitation in applying to the many state-of-the-art low-bandgap polymers recently developed 
since the LangmuirBlodgett (LB) deposition used to fabricate the PVDF-TrFE monolayers is incompatible 
with their process due to the high-temperature annealing (over 130 °C)  needed to convert the high-quality 
PVDF-TrFE LB film into the ferroelectric phase. For such polymers, the high-temperature annealing 
directly after casting can give rise to the micrometer-sized phase segregation, dramatically reducing donor-
acceptor interfacial area and device performance. In the case of the latter approach, despite the improved 
PCE as a result of the a local build-in electric field within the unpoled PVDF-TrFE mixed active layer, the 
positively poled OSC did not show additional enhancement and even the negative poling adversely 
degraded the device performance. Thereby, the role of PVDF-TrFE and the working mechanisms behind 
ferroelectric induced electric fields in OSCs are still not completely understood. In addition, both the 
research works mostly focused on a traditional poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid 
methyl ester (P3HT:PC61BM) system referred to as the ‘fruit fly’ platform of OSCs. As a consequence, 
despite the synergistic effects of electric fields induced by the electric polarization on photovoltaic 
properties, the achieved maxima PCEs were below 5%. 
The large electronegativity difference between the carbon and fluorine atoms give rise to a highly polar C-
F bond with a large dipole moment of >6.0 × 10−30 C m leading to the strong electric polarization of PVDF 
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crystals generated from the regularly packing of polymer chains such that dipole internal moments are not 
cancelled out.5b, 5d, 6 The PVDF-based polymers are a semi-crystalline polymer with polymorphs referred to 
as , , , -phases (directly related to the ferroelectric properties), which are sensitive to external stimuli 
such as temperature, stress, electric field, strain, or chemical substances.5c, 6-7 Recently, it was reported that 
their crystal structures and phase transitions can be easy to tune via grafting one polymer onto PVDF-based 
polymers. Therefore, several studies have been devoted to increase the β crystal phase in PVDF either 
through copolymerization of vinylidenefluoride (VDF) with trifluoroethylene (TrFE), 
bromotrifluoroethylene (BTFE), chlorotrifluoroethylene (CTFE) etc. or grafting with low polarizable 
polymer side chains such as polystyrene (PS), poly(tert-butyl acrylate) (PtBA).5b, 5c, 7b, 8 Like other organic 
polymers, these materials have several benefits like light weight, ease of processing, and flexibility over 
their inorganic ferroelectric counterparts offering several opportunities in various electronic devices 
including organic solar cells, field effect transistors, triboelectric nanogenerator, capacitors, piezo-, and 
pyroelectric applications.1d, 5b, 8e, 9 Apart from the materials design, innovative device engineering and 
effective morphology control also play very important roles in increasing the power conversion efficiency 
(PCE) of OSCs. Currently OSCs have shown very promising PCE beyond 12% through fully optimizing 
the given binary/ternary system.10 In this study, to advance and forward our understanding of the 
ferroelectric photovoltaic mechanism, we systematically examine the effects of a family of PVDF-based 
ferroelectric polymers (PVDF, poly(vinylidene fluoride)-graft-poly(tert-butyl acrylate) (PVDF-g-PBA), 
PVDF-TrFE, and poly(vinylidene fluoride-trifluoroethylene)-graft-poly(tert-butyl acrylate) (PVDF-TrFE-
g-PBA)) as an additive on photovoltaic property of an archetype of high-performance poly(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)) (PTB7-Th):[6,6]-phenyl-C71-butyric acid methyl 
ester (PC71BM) system. On the basis of high-performance OSCs based on o-xylene (OXY)/N-
methylpyrrolidone (NMP) combination previously reported, the OXY/NMP pair was used as the processing 
solvent for making OSCs in this study. Note that the solubility of the ferroelectric polymers in NMP is 
satisfactory but poor in OXY. Thereby, OXY/NMP pair drives the recrystallization of the ferroelectric 
additives into the active layer matrix, not only yielding built-in electric fields but also a large enhancement 
of the PCE up to 11.02%. The ferroelectric polarization induced by the simple recrystallization tool requires 
no additional fabrication step, and is readily applicable to various organic optoelectronic devices. Till now 
external electric fields are applied (called poling) to polarize the PVDF based ferroelectric material prior to 
device operation, such that remnant polarizations are left behind after removing the applied field.1d, 9a, 9e, 11 
However, these four ferroelectric insulating polymer additives having different dielectric constant display 
permanent remnant polarization in the host matrix without poling providing a unique approach to strengthen 
the built-in field.   
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6.2 Results and Discussion 
To make the polymers’ names more reader-friendly, the ferroelectric polymers (PVDF, PVDF-g-PBA, 
PVDF-TrFE, and PVDF-TrFE-g-PBA) are henceforth designated as simple ones (P1, P2, P3, and P4) 
respectively, where the chemical structures are shown in Figure 6.1a; P1 and P3 were commercial available 
materials and P2 and P4 were prepared from grafting PBA onto the corresponding main backbones via atom 
transfer radical polymerization (ATRP) technique, respectively. The details of synthesis and 
characterization (see in the section 6.5, Figure 6.7), including the grafting ratios are provided in the 
supporting texts of section 6.5.  
 
Figure 6.1. (a) Chemical structures of P1, P2, P3, and P4. (b) Dielectric constant of PVDF-based 
ferroelectric polymer’s thin-film capacitors. (c) Electrostatic surface potential (ESP) due to the charge 
distribution and dipole direction (by blue arrow) with magnitude for structural models of PVDF-based 
ferroelectric polymers (VDF)4, (VDF)3-(VDF-BA)1, (VDF)3-(TrFE)1, and (VDF)3-(TrFE-BA)1 in all-trans 
(tttt) conformation. The scale bar shows the colors scheme for the ESP. Red indicates electron rich (partially 
negative charge) region; yellow indicates slightly electron rich region; green indicates neutral region; light 
blue indicates slightly electron deficient region; and blue indicates electron deficient (partially positive 
charge) region, respectively. 
 
We determined the relative dielectric property of the ferroelectric polymers using a frequency-dependent 
capacitance measurement over the frequency range of 103 to 105 Hz. The relative dielectric constants (r) 
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were calculated from the equation of r = Cd/0A, where C is the capacitance, d is the thickness of the tested 
film, 0 is the permittivity of free space, and A is the area. Figure 6.1b shows the frequency dependent 
dielectric constant plots for the ferroelectric polymers. The constant values are manifested in the sequence 
of P1 < P3 < P4 < P2 in the testing frequency ranges, verifying that grafting of PBA in the PVDF-based 
backbones increases the dielectric constant values. Therefore, we anticipate that the existence of an optimal 
amount of P2 or P4 surrounding the host active components would facilitate efficient charge transport 
property, being attractive for improving the performance of OSCs. The thermal transition behaviors of the 
ferroelectric polymers were evaluated via differential scanning calorimetry (DSC) (see the section 6.5, 
Figure 6.8). In the heating and cooling processes, the PVDF-based polymers (P1 and P2) underwent an 
endothermic melting peak at ~170 °C and an exothermic crystallization transition at ~135 °C, while for 
P(VDF-TrFE)-based based polymers (P3 and P4),12 there were two endothermic peaks with the 
corresponding two endothermic events; the low-temperature one is associated with a 
ferroelectric-to-paraelectric Curie transition and the high-temperature one is ascribed to the melting phase 
transition. 12b, 12f, 12g Note that the changes in the transition temperatures and relative integrating peaks exist 
in P2 and P4 compared to the corresponding parent polymers P1 and P3, indicating that incorporating PBA 
into the backbones influences the polymorph phases and crystallinity by tuning the structural 
conformations, which will account for the varied ferroelectric effects on the photovoltaic behavior in the 
following OSC section.  
 
6.2.1 Energy Orbitals and Electrostatic Potential 
Molecular simulation on model compounds with the four repeating units for each polymer was performed 
through density functional theory (DFT) at BLYP/6-31G level. Three different conformation namely all-
trans (tttt) for β-phase, trans-gauche–trans-gauche (tgtg) for α- and δ- phases, and trans–trans–trans-
gauche (tttg) for γ- and ε- phases are calculated.5b, 6, 7c. The structural models, (VDF)4, (VDF)3-(VDF-BA)1, 
(VDF)3-(TrFE)1, and (VDF)3-(TrFE-BA)1 were used for the calculations, where only conformation with 
all-trans planar zigzag -phase was taken because it is responsible for the ferroelectric property. The 
electrostatic potential (ESP) distribution and orientation of the electric dipole at the molecular levels were 
visualized in Figure 6.1c (see the section 6.5, Figure 6.9 for other conformation cases). The DFT 
calculations indicate that the presence of BA unit in the backbones can bring the variations in charge 
polarization and direction and magnitude of dipole moments (), being well-correlated with what observed 
in DSC data above. Optimized geometries of all the four ferroelectric polymers of each conformation are 







6.2.2 Hysteresis Measurement 
The polarization behavior of each ferroelectric polymer film fabricated from NMP solution was 
characterized by electrical polarization versus electric field (P-E) loops using the triangular waveform of 
the voltage at 1 Hz. As we can see from Figure 6.2 (the insets of Figure 6.2 and Figure 6.10 of the section 
6.5 provides optical visualization of films), all the ferroelectric polymer films exhibit a banana hysteresis 
loop with similar remnant polarization (0.02  0.07 µC cm-2) and coercive field (75  100 kV cm-1) values, 
suggesting that incorporating PBA blocks into the PVDF-based polymers seems not to play a role of 
limiting their intrinsic ferroelectric property.  
 
 
Figure 6.2. Ferroelectricity of PVDF-based ferroelectric polymers based thin-film capacitors. Hysteresis 
loops without poling measured at different locations for (a) P1, (b) P2, (c) P3, and (d) P4. Insets are the 
corresponding optical microscopy images for the illustration of reason behind similar hysteresis loops in 
the case of pure additive films. 
 
Next, we set out to investigate the effect of the ferroelectric polymers as an additive on the PTB7-
Th:PC71BM OSC based on OXY/NMP pair, in which, as mentioned before, the OXY serves as good solvent 
for active components and NMP acts as a good solvent for ferroelectric polymers. The P-E loops of the 
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films without and with optimal amount of ferroelectric additives prepared from the same optimized OSC 
condition are measured at various locations, and shown in Figure 6.3; the details regarding the device 
optimization including the donor:acceptor ratios and amounts of NMP and ferroelectric additives are 
discussed in the following OSC part and supporting texts of the section 6.5.  
 
 
Figure 6.3. Ferroelectricity of active layer based thin-film capacitors using PVDF-based ferroelectric 
polymers as an additive in binary host matrix. Hysteresis loops without poling measured at various locations 
for (a) NMP only, (b) P1, (c) P2, (d) P3, (e) P4. Insets are the corresponding optical microscopy images for 
the illustration of reason behind different hysteresis loops in the case of active layers with additives. Scatter 
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plots of (f) remanent polarization, Pr (µ C cm-2), and (g) the corresponding coercive field, Ec (kV cm-1) in 
each case. (h) Illustration of the active layer morphology in absence/presence of ferroelectric additive. 
 
There is hardly any ferroelectric characteristics in the only OXY/NMP-processed active layer film, while a 
typical ferroelectric behavior with a rectangular-shaped hysteresis loop is obviously obtained from all the 
active layer films with the ferroelectric additives measured at various locations. These results demonstrate 
that the -phase crystals of the ferroelectric additives are enhanced by using the mixed OXY/NMP pair as 
a co-solvent recrystallization process, which in turn can strongly invigorate their ferroelectric nature even 
without poling treatment. Fluorescence microscopy images of the ferroelectric additives-processed active 
layer films by OXY/NMP showed a direct evidence of partially formed crystalline chunks of the 
ferroelectric additives via recrystallization within the active layer matrix (the insets of Figure 6.3 and Figure 
6.11 of the section 6.5). One can expect that the ferroelectricity induced by the sporadically and locally 
formed permanent polarization at nanoscale is to efficiently separate the holes and electrons within the 
active layer matrix, as schematically illustrated in Figure 6.3h. The extracted values of the remnant 
polarization (Pr) and coercive field (Ec) of the ferroelectric additives-processed films are summarized and 
compared in Figure 6.3f,g, where the Ec is related to the size of ferroelectric domains whereas Pr is 
associated with the number of dipoles locked in the ferroelectric crystals. The P2-processed active layer 
film showed overall higher Pr (over 200 µC cm-2) yet lower Ec values compared to those observed for other 
additives-processed ones, being taken as an indication of the more ordered microstructure with high -
phase content. 
 
6.2.3 Photovoltaic Performance 
The photovoltaic properties of OSCs based on PTB7-Th:PC71BM active layer using OXY/NMP pair were 
investigated in a conventional device architecture of ITO/ PEDOT:PSS/active layer/Al, where the PTB7-
Th to PC71BM ratio was kept at 1:1.5 in this work. The best-performing current-density-voltage (JV) 
characteristics are displayed in Figure 6.4a and the performance parameters are summarized in Table 6.1. 
The as-cast PTB7-Th:PC71BM control device gave a low PCE of 4.67% (average PCE = 4.23%), with a 
short-circuit current density (JSC) of 12.52 mA/cm2, an open-circuit voltage (VOC) of 0.795 V, and a fill 
factor (FF) of 46.8%. On the other hand, the JSC and FF were significantly improved by adding optimal 
amount of NMP (3.0 vol%), resulting in a high PCE of up to 10.20% (average PCE = 9.96%). Note that 
VOC values remain at similar 0.795 – 0.799 V levels for the two optimized devices without and with NMP. 
And then, we began to evaluate the photovoltaic performances with various weight percentages of the 
ferroelectric additives (0.5  4.0 wt% with respect to total active layer concentration (35 mg/mL)), where 
they were dissolved in the NMP prior to the addition to the OXY active layer solution. The performance 
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characteristics as a function of NMP/ferroelectric additive concentration are presented in Figures 6.12-6.16 
and the corresponding device parameters are summarized in Tables 6.3-6.7 as well as Figure 6.17 of the 
section 6.5 for all NMP/ferroelectric additives applied.  
 
 
Figure 6.4. (a) J–V characteristics (inset: J–V characteristics in the dark). (b) The corresponding EQE 
curves. (c) Dependence of open-circuit voltage (VOC), (d) current density (JSC) on light intensity and (e) 
photocurrent measurement of binary devices w/ and w/o PVDF-based ferroelectric polymers as an additive 
under AM 1.5G irradiation at 100 mW cm-2.  
The optimized photovoltaic performances were obtained by using 1.5 wt% for all the cases except for P3 
showing 2.0 wt%. We observed that except for P1-processed device (PCE = 10.10%), in which a PCE was 
slightly decreased compared with that of the NMP only-processed optimized one, an increase in the device 
performance was observed upon the addition of the ferroelectric additives. Specially, all the parameters 
including JSC, VOC, and FF were simultaneously improved for the P2-processed device, delivering the 
champion PCE of 11.02 % (JSC = 20.30 mA cm−2, VOC = 0.812 V, and FF = 66.50%), which is by far the 
highest PCE reported to date for PTB7 derivatives-based binary OSCs. Such performance improvements 
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in the devices with the ferroelectric additives can be explained by the enhanced local build-in electric field 
of ferroelectric dipoles embedded within the active layer, as observed from the above polarization study. 
From the JV curves in dark (the inset of Figure 6.4a), we found that both as-cast control and P1-processed 
devices displayed higher current density at reverse bias, leading to lower diode rectification ratios compared 
to other systems, which reflects the relatively lower FFs of the two devices.  
It should be noteworthy that the optical effects are ruled out as the performance enhancing mechanisms, 
being evident in nearly identical optical spectra of the host system upon adding ferroelectric additives (see 
the section 6.5m Figures 6.18-6.19). Compared to other systems, there is the form of the aggressively large 
aggregation in the case of P1, as evidenced by the fluorescence microscopy images above, which is a 
rationale reason for the observation of the relatively inferior performance. In addition, the external quantum 
efficiency (EQE) for all the devices displayed a broad photo-response from 300 to 800 nm, well-matching 
the trends of the measured JSC values (Figure 6.4b). 
 
Table 6.1. Summary of device parameters for binary OSCs w and w/o PVDF-based ferroelectric polymers 







) VOC (V) FF (%) PCE (%) 
As-cast 0 vol% 12.52 (11.84) 0.795 (0.790) 46.8 (45.3) 4.67 (4.23) 
NMP only 3 vol% 19.43 (19.13) 0.799 (0.796) 65.7 (65.4) 10.20 (9.96) 
P1 1.5 wt% 20.30 (20.01) 0.812 (0.810) 66.5 (66.1) 11.02 (10.72) 
P2 1.5 wt% 20.09 (19.78) 0.807 (0.805) 66.8 (66.4) 10.83 (10.58) 
P3 1.5 wt% 20.19 (19.83) 0.804 (0.803) 62.2 (61.5) 10.10 (9.79) 
P4 2.0 wt% 20.07 (19.75) 0.795 (0.794) 65.8 (65.0) 10.50 (10.20) 
 
6.2.4 Study of Charge Transport and Recombination Behavior 
In order to understand the charge recombination behavior as a function of the used ferroelectric additives, 
we measured light intensity dependence of the JV characteristics for the optimized devices with and 
without ferroelectric additives (Figure 6.4c,d). In principle, the relationship between the JSC values and the 
incident light intensity (Plight) values follows the power-law dependence JSC  Plight
α, whereas the VOC values 
depend on the natural logarithm of Plight with a slope of nkT/q, where k = Boltzmann’s constant, T = the 
temperature, q = the elementary charge, and n is an ideality factor.13  
All the devices have similar, high  (0.96  0.99) and n (1.66  2.11) values, suggesting that geminate or 
trap-assisted Shockley-Read-Hall recombination predominates the loss of free-charge carriers.14 Note that 
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P2-processed system shows the  closest to unity with the smallest n slope, verifying the weakest loss of 
any types of the recombination kinetics.  
Photogenerated current density (Jph) versus effective voltage (Veff) curves were also plotted to evaluate the 
exciton dissociation and charge collection in the devices (Figure 6.4e).15 The Jph reached the saturation 
value (Jsat) at a high Veff (over 0.3 V) for all the devices, except for as-cast control one. Under the short-
circuit condition, exciton dissociation probability (Pdiss = Jph/Jsat, where Jsat is the saturation photocurrent 
density) of the as-cast control one is 88%, while distinctly higher Pdiss values of ~97% are achieved in the 
other devices (see the section 6.5, Table 6.8). Taken together, these results suggest that more efficient 
exciton dissociations and charge collections occur in the NMP only- and ferroelectric additives-processed 
devices, which could contribute largely to their higher JSC values observed from the OSCs. 
 
 
Figure 6.5. HR-TEM images and AFM topography height images in 3D view (inset, scan size 1 × 1 μm) 
for binary blend films w/ and w/o PVDF-based ferroelectric polymers as additives. (a) As-cast, (b) NMP 
only, (c) P1, (d) P2, (e) P3, and (f) P4. 
 
The hole and electron mobilities of the blend films were also determined by fitting the dark current to the 
model of a single carrier space-charge limited curve (SCLC) (see Figure 6.20 and Table 6.8 of the section 
6.5), as described by the Mott-Gurney equation. For the as-cast film, the hole/electron mobilities were 
calculated to be 8.96 × 10–5/9.56 × 10–5 cm2V−1s−1, whereas for the NMP only-processed film the 
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corresponding values were improved to be 1.93 × 10–4/2.24 × 10–4 cm2V−1s−1, respectively. Upon adding 
the ferroelectric additives, both hole/electron mobilities were further improved, especially for P2-processed 
film that has the highest hole/electron mobilities (2.94 × 10–4/3.93 × 10–4 cm2V−1s−1), which could partially 
account for the lowest recombination loss as well as enhanced JSC and FF values observed above. We note 
that the changed trends in the charge dynamics and transport properties may not be sufficiently enough to 
explain the enhanced device performance by adding small amount of the ferroelectric additives since the 
ferroelectric dipoles sporadically form only small spots within the large active area, which was already 
discussed in the above microscopy images in Figure 6.3. 
 
 
Figure 6.6. Grazing incidence wide angle X-ray scattering (GIWAXS) patterns of binary blend films w/ 
and w/o PVDF-based ferroelectric as an additive (a) As-cast, (b) NMP only, (c) P1, (d) P2, (e) P3, and (f) 
P4. 
 
6.2.5 Study of Microstructures and Surface Morphologies of the Active Layer Films 
The microstructure and surface morphology of the blend films are thoroughly investigated by using high-
resolution transmission electron microscopy (HR-TEM), tapping-mode atomic force microscopy (AFM), 
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and grazing incident wide-angle X-ray diffraction (GIXD). The HR-TEM images of the blend films (Figure 
6.5) with NMP only and ferroelectric additives show homogeneous morphology with finely phase-separated 
domains compared to as-cast blend film having the oversized dark regions, corresponding to PC71BM-rich 
domains. In addition, from AFM images (the insets of Figure 6.5 and Figure 6.21 in the section 6.5), the 
surface of the as-cast film was relatively coarser with a large root mean square surface roughness (RMS) 
of 8.04 nm, whereas the blend films with NMP only and ferroelectric additives exhibited a smooth surface 
and uniform morphology with small RMS of 1.04 – 2.13 nm. The AFM data agreed well with the TEM 
results. The packing orientation and crystallinity of the donor and acceptor in the optimized binary blend 
upon incorporating various additives are studied via GIXD measurement. Shown in Figure 6.6 (and Figure 
6.22 of the section 6.5) are GIXD images and line-cut profiles of the blend films. Figure 6.23 (see the 
section 6.5) shows GIXD images of pure additive films. All the blend films exhibited preferentially face-
on orientation with respect to the substrates, as evidenced by the intensified out-of-plane ππ stacking (010) 
peak at q  1.85 Å-1 with a no defused ring-like (100) peak at q  0.31 Å-1 (Table 6.9, see the section 6.5). 
Besides, the locations of the diffraction peaks are nearly identical in all the cases, providing additional 
evidence for the fact that the improved OSC performance with ferroelectric additives is due to the 
ferroelectric dipoles rather than the molecular packing and orientation change.  
 
6.3 Conclusion 
In summary, we have successfully demonstrated high-performance OSCs using the built-in local electric 
field induced by a simple addition of ferroelectric additives (P1, P2, P3, and P4) into the PTB7-Th:PC71BM 
active layer, where the PBA-grafted P2 and P4 were prepared by ATRP for this study. The recrystallization 
of the ferroelectric additives with an OXY/NMP solvent pair into active layer matrix is a driving force for 
vitalizing their ferroelectric polarization without poling treatment, as evidenced by the advent of the 
rectangular-shaped P-E hysteresis loops after using such a co-solvent combination. A notable PCE as high 
as 11.02% was achieved for the P2-processed OSC, because of its enhanced permanent polarizations 
originated from high -phase ordered microstructure. This value is one of the highest PCEs reported for the 
PTB7 derivatives-containing binary OSCs. The in-depth structural, electrical, and morphological analyses 
performed in our study indicate that the ferroelectric dipoles locally embedded in the active layer matrix 
rather than the morphological changes can affect the ultimate device performance, though the mechanism 
of the ferroelectric additives still needs to be borne out by further investigations. Our study can facilitate 
the practical application of many ferroelectric materials as an additive for various optoelectronic fields, 
being an effective strategy for affecting desired properties even as the considerations expend beyond that 
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6.5 Supporting Texts and Figures 
General Procedure for grafting Using Atom Transfer Radical Polymerization 
In a round flask, PVDF (3.0 g) or P(VDF-TrFE) (3.0 g) was dissolved completely in NMP at 60°C, and BA 
(18.02g, 93.5 mmol), CuCl (0.03g, 0.202 mmol) and PMDETA (0.096g, 0.553 mmol) were added to the 
solution at room temperature, and purge with argon for 15min. Then, the reaction mixture was stirred at 
120 °C for 72 h. After the reaction had completed, the copolymer solution was precipitated into 
water/methanol (1:4, v/v) and filtered off. The precipitated copolymer was stirred overnight in a large 
volume of hexane and chloroform for removing the PBA homopolymer and impurities. The copolymer was 
then recovered by filtration, re-dissolved in NMP, and precipitated into water/methanol (1:4, v/v). Finally, 
the graft copolymers were obtained under a vacuum. 
 
PVDF-g-PBA (P2) 
Mn = 102 kDa, PDI = 2.55. F-H decoupled 1H NMR (400MHz, (CD3)2CO), δ (ppm): 2.9–3.2 (br, –
CF2CH2CF2CH2–), 2.3–2.5 (br, −CF2CH2CH2CF2–), 1.5–2.0 (-C(COO)H2-CH2-), 0.8–1.4 (-C(COO)H2-CH2-
) and 1.4–1.65 (br, 9H, −C(CH3)3). 
P(VDF-TrFE)-g-PBA (P4) 
Mn = 174 kDa, PDI = 2.53. F-H decoupled 1H NMR (400MHz, (CD3)2CO), δ (ppm): 5.3–5.7 (br, -CFHCF2-), 
2.7–3.2 (br, -CF2CH2CF2CH2-), 2.2–2.7 (br, -CF2CH2CH2CF2-), 1.5–2.0 (-C(COO)H2-CH2-), 0.8–1.4 (-
C(COO)H2-CH2-) and 1.4–1.6 (br, −OC(CH3)3). 
 
Calculation of the molar compositions 
In F-H decoupled 1H NMR spectra, the mol % of PBA in PVDF and P(VDF-TrFE) were ascertained by 
integrating the ratio of the BA peak at 1.4–1.6 ppm to the VDF peaks at 2.1–2.4, 2.9–3.1 ppm and 2.2–2.7, 2.7–








(1) BA mol percent (mol %) =
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 × 100 
(2) x = 0.3172 










(1) BA mol percent (mol %) =
𝑥
1 +𝑥
 × 100 
(2) x = 0.4996 
(3) mol% = 33.31 ± 5.00 % 
 
Solar cell fabrication 
PTB7-Th:PC71BM (1:1.5 ratio) based devices were fabricated in the conventional device structure of 
glass/ITO/PEDOT:PSS/active layer/Al. On the pre-cleaned ITO substrate, a PEDOT:PSS layer (Clevios P 
VP AI. 4083) was spin-coated at 4000 rpm for 60 s and then thermally annealed at 140 °C for 20 min. The 
substrates were immediately transferred to glovebox and the active layer was spin-coated yielding thickness 
in the range of 160-200 nm for different additives (see Figure 6.24). The films were subsequently treated 
by vacuum annealing for 15 minutes. Finally, a 100 nm thick layer of Al was deposited using a shadow 
mask (device area: 0.13 cm2) under high vacuum (< 3 × 10−6 Pa). For active layer preparation, PTB7-
Th:PC71BM (35 mg ml-1) were dissolved in anhydrous OXY and stirred at 60 °C for overnight. P1, P2, P3, 
and P4 with same as total active layer concentration were dissolved separately in NMP and stirred at 60 °C 
for overnight.  Next day, different wt. % of additives were added separately in the active layer solution and 
again stirred at 60 °C for 2 hrs. For the hysteresis measurement using P-E loop, the thickness of binary 











Figure 6.8. Differential scanning calorimetry data of PVDF-based ferroelectric polymers. (a) P1, (b) P2, (c) P3, 

















Table 6.2. Optimized geometries by DFT calculation, the charge density isosurfaces for LUMO and HOMO 
levels of PVDF-based ferroelectric polymers, the LUMO-HOMO levels and the dipole moment values of PVDF-
based ferroelectric polymers. Red and green color scheme refers to the positive and negative wave functions, 
respectively. 


















3.619 D -0.517 -9.070 
P2 
 
tttt (1)  
5.048 D -0.468 -7.743 
 
tttt (2)  
4.149 D -0.483 -7.558 
 
tgtg (1)  
4.347 D -0.245 -7.807 
 
tgtg (2)  




tttg (1)  
5.439 D -0.374 -7.930 
 
tttg (2)  




































5.589 D -0.529 -7.505 
 
tgtg (1)  




6.864 D -0.691 -7.634 
 
tttg (1)  
3.141 D -0.408 -7.785 
 
tttg (2)  






Figure 6.9. Electrostatic charge distribution and dipole direction (by blue arrow) with magnitude for 
structural models of PVDF-based ferroelectric polymers (VDF)4, (VDF)3-(VDF-BA)1, (VDF)3-(TrFE)1, 
and (VDF)3-(TrFE-BA)1 in (a) (tgtg) and (b) (tttg) conformations. The scale bar shows the colors scheme 
for the ESP. Red indicates electron rich (partially negative charge) region; yellow indicates slightly electron 
rich region; green indicates neutral region; light blue indicates slightly electron deficient region; and blue 




Figure 6.10. Fluorescence microscopy of the pure PVDF-based ferroelectric polymer films investigated using 
white light ((a), (b), (c), and (d)), blue light ((e), (f), (g), and (h)), green light ((i), (j), (k), and (l)), and red light 




Figure 6.11. Fluorescence microscopy of the optimized of binary blend films w/ and w/o various PVDF-based 
ferroelectric polymers as an additive investigated using white light ((a), (e), (i), (m), (q), and (u)), blue light ((b), 
(f), (j), (n), (r), and (v)), green light ((c), (g), (k), (o), (s), and (w)), and red light ((d), (h), (l), (p), (t), and (x). Scale 




Figure 6.12. J–V characteristics of binary devices with different vol% of NMP only under AM 1.5G irradiation 
at 100 mW cm-2. 
 
 
Figure 6.13. J–V characteristics of binary devices with different wt% of P1 as an additive under AM 1.5G 





Figure 6.14. J–V characteristics of binary devices with different wt% of P2 as an additive under AM 1.5G 
irradiation at 100 mW cm-2. 
 
 
Figure 6.15. J–V characteristics of binary devices with different wt% of P3 as an additive under AM 1.5G 




Figure 6.16. J–V characteristics of binary devices with different wt% of P4 as an additive under AM 1.5G 
irradiation at 100 mW cm-2. 
 
Table 6.3. Summary of device parameters of binary devices with different vol% of NMP only under AM 1.5G 
irradiation at 100 mW cm-2. 
Concentration JSC (mA cm−2) VOC (V) FF (%) PCE (%) 
0 vol% 12.52 0.795 46.94 4.67 
1.0 vol% 18.47 0.802 54.00 8.00 
1.5 vol% 18.81 0.801 61.40 9.25 
2.0 vol% 18.93 0.800 64.50 9.77 
2.5 vol% 18.99 0.799 65.90 10.00 
3.0 vol% 19.44 0.799 65.70 10.20 
3.5 vol% 19.61 0.796 64.70 10.10 
4.0 vol% 19.89 0.792 63.80 10.05 
5.0 vol% 19.91 0.791 63.04 9.92 
6.0 vol% 19.96 0.788 62.70 9.86 
7.0 vol% 19.93 0.786 62.00 9.71 




Table 6.4. Summary of device parameters of binary devices with different wt% of P1 as an additive under AM 
1.5G irradiation at 100 mW cm-2. 
Concentration JSC (mA cm−2) VOC (V) FF (%) PCE (%) 
0 wt% 12.52 0.795 46.94 4.67 
0.5 wt% 18.51 0.815 53.06 8.01 
0.75 wt% 18.67 0.807 57.40 8.65 
1.0 wt% 19.07 0.805 61.24 9.40 
1.25 wt% 19.61 0.805 61.83 9.76 
1.5 wt% 20.19 0.804 62.20 10.10 
1.75 wt% 19.84 0.802 61.60 9.80 
2.0 wt% 19.83 0.790 60.90 9.54 
2.5 wt% 19.38 0.788 60.30 9.21 
3.0 wt% 18.86 0.785 58.70 8.69 
3.5 wt% 17.91 0.784 57.90 8.13 
4.0 wt% 17.47 0.781 57.10 7.79 
 
 
Table 6.5. Summary of device parameters of binary devices with different wt% of P2 as an additive under AM 
1.5G irradiation at 100 mW cm-2. 
Concentration JSC (mA cm−2) VOC (V) FF (%) PCE (%) 
0 wt% 12.52 0.795 46.94 4.67 
0.5 wt% 18.79 0.808 54.96 8.35 
0.75 wt% 18.16 0.809 59.86 8.80 
1.0 wt% 19.03 0.810 61.66 9.50 
1.25 wt% 19.01 0.810 64.80 9.98 
1.5 wt% 20.44 0.811 66.47 11.03 
1.75 wt% 20.47 0.808 64.80 10.72 
2.0 wt% 19.65 0.807 64.81 10.27 
2.5 wt% 19.75 0.804 63.51 10.09 
3.0 wt% 19.30 0.803 62.90 9.75 
171 
 
3.5 wt% 18.38 0.801 62.30 9.17 
4.0 wt% 18.29 0.799 59.40 8.68 
 
 
Table 6.6. Summary of device parameters of binary devices with different wt% of P3 as an additive under AM 
1.5G irradiation at 100 mW cm-2. 
Concentration JSC (mA cm−2) VOC (V) FF (%) PCE (%) 
0 wt% 12.52 0.795 46.94 4.67 
0.5 wt% 18.14 0.814 54.30 8.02 
0.75 wt% 18.32 0.813 56.40 8.40 
1.0 wt% 18.43 0.805 6.00 8.90 
1.25 wt% 18.96 0.804 61.00 9.30 
1.5 wt% 19.29 0.802 63.40 9.81 
1.75 wt% 19.58 0.797 66.00 10.30 
2.0 wt% 20.07 0.795 65.80 10.50 
2.5 wt% 19.54 0.794 65.70 10.20 
3.0 wt% 18.12 0.793 64.60 9.28 
3.5 wt% 16.61 0.786 60.90 7.95 
4.0 wt% 16.31 0.785 59.90 7.67 
 
 
Table 6.7. Summary of device parameters of binary devices with different wt% of P4 as an additive under AM 
1.5G irradiation at 100 mW cm-2. 
Concentration JSC (mA cm−2) VOC (V) FF (%) PCE (%) 
0 wt% 12.52 0.795 46.94 4.67 
0.5 wt% 18.63 0.798 54.55 8.11 
0.75 wt% 18.62 0.800 61.22 9.12 
1.0 wt% 18.78 0.806 64.28 9.73 
1.25 wt% 19.82 0.806 64.46 10.30 
1.5 wt% 20.10 0.807 66.81 10.83 
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1.75 wt% 20.09 0.801 65.88 10.60 
2.0 wt% 19.76 0.801 65.18 10.31 
2.5 wt% 19.68 0.795 64.36 10.06 
3.0 wt% 19.48 0.791 63.01 9.72 
3.5 wt% 19.30 0.790 62.12 9.47 






Figure 6.17. Comparison of device parameters in a nutshell. (a) Short circuit density, (b) open circuit voltage, (c) 






Figure 6.18. U-V Vis. absorption spectra of binary blends w/ and w/o PVDF-based ferroelectric polymers as 





Figure 6.19. Photoluminescence spectra of binary blend solutions w/ and w/o PVDF-based ferroelectric 





Figure 6.20. (a) Hole only. (b) Electron only mobility of binary blend active layer w/ and w/o PVDF-based 
ferroelectric polymers as additives. 
 
Table 6.8. Summary of mobilities for hole only and electron only as well as charge dissociation probability of 
binary blend active layer w/ and w/o PVDF-based ferroelectric polymers as additives. 
Additive µh x 10
-4 (cm2V−1s−1) µe  x 10
-4 (cm2V−1s−1) µh/ µe P(E,T) 
None 0.896 0.956 0.938 0.883 
NMP 1.930 2.241 0.861 0.968 
G18 2.939 3.931 0.747 0.976 
G44 2.437 3.189 0.764 0.975 
PVDF 2.074 2.587 0.801 0.968 







Figure 6.21. AFM topography height (a)~(f) and phase (g)~(l) images (scan size 1 × 1 μm) of binary blend films 
w/ and w/o PVDF-based ferroelectric polymers as additives. (a),(g) As-cast, (b),(h) NMP only, (c)(i) P1, (d)(j) 
P2, (e)(k) P3, and (f),(l) P4. Different color bars are used for the height and phase variance. 
 
 
Figure 6.22. (a) In-plane and (b) out-of-plane line cut profiles obtained from GIWAXS data of binary blend films 





Figure 6.23. Grazing incidence wide angle X-ray scattering (GIWAXS) patterns of pure ferroelectric polymer 
films. (a) P1, (b) P2, (c) P3, and (d) P4. Different color bars are used for intensity variance. 
 
 
Table 6.9. Lattice parameters in out-of-plane and direction of binary blend active layer films w and w/o PVDF-
based ferroelectric polymers as additives. 
Active layer Unit cell long axis 
(100) (Å−1) 
d100 (Å) CCL (nm) 
None 0.316 19.89 20.74 
NMP 0.322 19.50 26.01 
G18 0.321 19.56 23.36 
G44 0.320 19.64 23.42 
PVDF 0.321 19.57 24.44 
P(VDF-TrFE) 0.307 20.46 19.75 
 π-π stacking cell axis 
(010) (Å−1) 
d010 (Å) CCL (nm) 
None 1.86 3.37 12.17 
NMP 1.85 3.40 14.67 
G18 1.85 3.39 13.83 
G44 1.85 3.40 15.37 
PVDF 1.86 3.38 15.91 






Figure 6.24. Thickness of binary blend films w/ and w/o PVDF-based ferroelectric polymers as an additive used 




Figure 6.25. Thickness of binary blend films w/ and w/o PVDF-based ferroelectric polymers as an additive used 
for hysteresis measurement. (a) NMP only, (b) P1, (c) P2, (d) P3, and (e) P4. 
 
 
Figure 6.26. Thickness of PVDF-based pure ferroelectric polymers films used for hysteresis measurement. (a) 
P1, (b) P2, (c) P3, and (d) P4. 
179 
 
Chapter 7. Acknowledgements 
 
I would like to express my heartiest thanks with a deep sense of gratitude to all those who provided me 
immense guidance and help for my study and stay in S. Korea during past four and half years. 
 
First and foremost, I would like to express my deepest gratitude and respect to my supervisor Prof. 
Changduk Yang, for his enormous patience, excellent guidance and caring without whom I could not have 
come so far in the field of research. I am immensely grateful to him for stressing the need to develop the 
right attitude towards work throughout my Ph.D. study and at the same time provided his continuous 
support and persistent help during my stay in the lab.  
 
Though the dissertation is mine, but I could never have reached the heights without the help, support, 
guidance, cooperation in research as well as pleasurable working atmosphere provided by my lab mates in 
ATOMS (Advanced Tech Optoelectronic Materials Synthesis Lab). I convey my sincere regards to 
Sangmyeon Lee, So-Huei Kang, Mijin Moon, Daehee Han, and Sungwoo Jung who not only provided 
excellent materials for OPV fabrication which helped in achieving good results but also provided 
continuous help and encouragement throughout my stay in Korea. Moreover, I would like to thank my 
respected seniors, Dr. Gyoungsik Kim, Dr. Junghoon Lee, and Dr. Satej Dharmapurikar for providing me 
their continuous guidance and support during initial stages of my Ph.D. course. Besides, I appreciatively 
thank Yongjoon Cho, Jiyeon Oh, Dr. Shanshsn Chen, Jungho Lee, Dr. Sujit Kumar, Byongkyu Lee, Minkyu 
Jeong, Hyojin Kang, Hyejin Cho, Yujin An, Dr. Yiho Kim, and Dr. Kyucheol Lee for sharing the happiness 
with me together during my stay in the lab. I would like to mention here that I am equally grateful to each 
and every one who name has not been mentioned here but were associated with my project at any stage 
during the Ph.D. period.  
 
Additionally, I express my deep appreciation and thanks to all my friends outside the lab, who became 
pillars of my strength during past four and half years. Thank you for walking alongside me in every situation 
and making my life cheerful each and every day. 
 
Last but not the least, I enormously thank my parents and my whole family whose continuous positivity 
and blessings helped me to get rid of all the frustrations and down times as well as brought confidence in 
me to overcome any obstacle. They continuously inspired me for bringing substantial effort to make my 







This research work was supported by the National Research Foundation of Korea (NRF) grant funded by 
the Korea Government (MSIP) (2015R1A2A1A10053397 and 2014K1A3A1A19066591). GIWAXD 





T.K. and C.Y. wrote the manuscript. T. K. carried out the experiments and performed the device fabrication, 
as well as analyzed the data. S. M. L. synthesized DR3TSBDT. This work was supported by the National 
Research Foundation of Korea (NRF) grant funded by the Korea government (MSIP) 
(2015R1A2A1A10053397). GIWAXD measurements at PLS-II 6D UNIST-PAL beamline and 9A 
beamline were supported in part by MEST, POSTECH, and UNIST UCRF. 
Section 4.2. 
T.K. and C.Y. wrote the manuscript. T.K. carried out the experiments and performed the device fabrication 
and other experiments, as well as analyzed the data. S.M.L. synthesized SMDs. This work was supported 
by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIP) 
(2015R1A2A1A10053397). GIWAXD measurements at PLS-II 6D UNIST-PAL beamline and 9A 
beamline were supported in part by MEST, POSTECH, and UNIST UCRF. 
 
Chapter 5. 
T.K. and C.Y. wrote the manuscript. T.K. carried out the experiments and performed the device fabrication 
and other experiments, as well as analyzed the data. This work was supported by the National Research 
Foundation of Korea (NRF) grant funded by the Korea government (MSIP) (2015R1A2A1A10053397). 
GIWAXD measurements at PLS-II 6D UNIST-PAL beamline and 9A beamline were supported in part by 
MEST, POSTECH, and UNIST UCRF. 
 
Chapter 6. 
T.K. and C.Y. wrote the manuscript. T.K. carried out the experiments and performed the device fabrication 
and other experiments, as well as analyzed the data. H.-P. Kim carried out hysteresis measurement. S.J. 
performed synthesis of grafted polymer. GIWAXD measurements at PLS-II 6D UNIST-PAL beamline and 





List of Publications 
 
 Kumari, T.; Moon, M.; Kang, S.-H.; Yang, C., Improved efficiency of DTGe(FBTTh2)2-based 
solar cells by using macromolecular additives: How macromolecular additives versus small 
additives influence nanoscale morphology and photovoltaic performance.  Nano Energy 2016, 24, 
56-62. 
 
 Kumari, T.; Lee, S. M.; Kang, S.-H.; Chen, S.; Yang, C., Ternary solar cells with a mixed face-on 
and edge-on orientation enable an unprecedented efficiency of 12.1%. Energy Environ. Sci. 2017, 
10 (1), 258-265. 
 
 Kang, S.-H.; Kumari, T.; Lee, S. M.; Jeong, M.; Yang, C., Densely Packed Random 
Quarterpolymers Containing Two Donor and Two Acceptor Units: Controlling Absorption Ability 
and Molecular Interaction to Enable Enhanced Polymer Photovoltaic Devices. Adv. Energy Mater. 
2017, 7 (15), 1700349. 
 
 Kumari, T.; Lee, S. M.; Yang, C., Cubic-Like Bimolecular Crystal Evolution and over 12% 
Efficiency in Halogen-Free Ternary Solar Cells. Adv. Funct. Mater. 2018, 28 (19), 1707278. 
 
 Han, D.; Kumari, T.; Jung, S.; An, Y.; Yang, C., A Comparative Investigation of Cyclohexyl-End-
Capped Versus Hexyl-End-Capped Small-Molecule Donors on Small Donor/Polymer Acceptor 
Junction Solar Cells. Sol. RRL 2018, 2 (5), 1800009. 
 
 Kumari, T.; Lee, S. M.; Lee, K. C.; Cho, Y.; Yang, C., Harmonious Compatibility Dominates 
Influence of Side-Chain Engineering on Morphology and Performance of Ternary Solar Cells. Adv. 
Energy Mater. 2018, 8 (22), 1800616. 
 
 Lee, J.; Lee, S. M.; Chen, S.; Kumari, T.; Kang, S.‐H.; Cho, Y.; Yang, C., Organic Photovoltaics 
with Multiple Donor-Acceptor Pairs Adv. Mater. 2018, 1804762. 
 
 Kumari, T.; Jung, S.; Kim, H.-P.; Cho, Y.; Oh, J.; Lee, J. W.; Baik, J. M.; Jo, W.; Yang, C.,  
Incorporation of Ferroelectric Additives enhances built-in electric field for better efficiency in BHJ 




Permission from all the Cited Journals used in this Dissertation 
 
Chapter 3.  
How macromolecular additives versus small additives influence nanoscale morphology and photovoltaic 
















Section 4.1.  
Ternary solar cells with a mixed face-on and edge-on orientation enable an unprecedented efficiency of 
12.1%. Reproduced from Energy Environ. Sci. 2017, 10 (1), 258-265 with permission from the Royal 







Section 4.2.  
Harmonious Compatibility Dominates Influence of Side-Chain Engineering on Morphology and 




Chapter 5.  
Cubic-Like Bimolecular Crystal Evolution and over 12% Efficiency in Halogen-Free Ternary Solar Cells. 
Adv. Funct. Mater. 2018, 28 (19), 1707278. 
 
